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ABSTRACT 
Author: Brian J. Collino 
Title: An Investigation of the Hydrodynamic Effects of Enteromorpha clathrata 
Fouling on Hydrofoils 
Institution: Embry-Riddle Aeronautical University 
Degree: Master of Science in Aerospace Engineering 
Year: 1997 
The purpose of this investigation was to determine the effects of biological fouling 
on hydrofoils. NACA 4412 and 4415 hydrofoil models with 6 inch chord and 8 inch span 
were used in this study. A water tunnel facility was designed and constructed to perform 
the tests, and the results were verified using computational fluid dynamic modeling. The 
CFD software package Fluent was used to create a two dimensional model of the water 
tunnel test section and hydrofoil. The model was meshed using a Laplacian grid smoothing 
technique that forced the structured grid lines to follow the same approximate contour as the 
stream lines, allowing for quicker convergence of the solution matrix and a lower degree of 
rounding error than normally associated with this type of modeling. The fouling was 
added to the model by introducing a porous medium on the surface of the hydrofoil to 
simulate the characteristics of biological fouling. The results showed a constant increase in 
zero-lift angle of attack by 10 degrees for as little as 10 percent fouling, and a reduction in 
maximum lift by as much as 80 percent. 
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1.0 INTRODUCTION 
The attachment and subsequent growth of bacteria, plant and animal organisms on 
the hulls of ships and other underwater marine structures is classically known as fouling. 
It is a natural process involving competition and succession. It is known that fouling can 
significantly change the surfaces of submerged objects and cause major changes in hydro-
dynamic characteristics on these objects. The process is a continuing one which can have 
serious economical and technical implications since the structures in question could be 
supports for offshore platforms, sea farm structures, vehicles with all or part of the hulls 
underwater or other types of submerged objects. 
The problem of marine fouling and subsequent changes in hydrodynamic forces has 
been a concern as long as oceans have been used, with written records dating back to the 
fifth century. The fouling on submerged surfaces not only alters the hydrodynamic design 
characteristics, but also has a destructive action upon the surface coatings, often resulting in 
accelerated corrosion [1]. Algae biofilms can cause steep oxygen gradients, promoting the 
growth of anaerobic sulfate reducing bacteria (SRB). Sulfate reducing bacteria can directly 
cause the corrosion of various materials, including almost all iron alloys. 
Enteromorpha clathrata is one such algae, commonly found growing on ocean-
going vessels. The effects of this foulmg organism have been considered very costly to the 
shipping industry because of increased fuel costs and downtime of vessels for hull cleaning 
[2]. However, the study of the effect of this fouling organism on hydrofoils and its impact 
on the dynamic performance characteristics has not yet been thoroughly investigated [3]. 
Study of the impact of adhesion of Enteromorpha clathrata to hydrofoil surfaces is 
significant since it can alter the surfaces, causing major changes in the hydrodynamic 
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performance characteristics [4]. The process can also have serious economic and technical 
implications since it could affect the structures of offshore platforms, marine foundations, 
and a variety of low- and high-speed ocean vessels that use hydrofoil surfaces for lift, 
control, and propulsion purposes. The immediate research to be performed with the water 
tunnel will focus on the hydrodynamic effects of the growth of Enteromorpha clathrata on 
hydrofoil surfaces, specifically lift, drag, and pitching moment about the quarter chord 
(Figure 1). These results will then be corroborated with computational fluid dynamic 
(CFD) modeling. 
Figure 1. Photograph Showing the Growth of Enteromorpha clathrata. 
2.0 TEST EQUIPMENT 
2.1 Water Tunnel 
The closed circuit water tunnel was designed in 1994, with construction completed 
early in 1996. It is currently housed at the Harbor Branch Oceanographic Institute in Ft. 
Pierce, Florida. It is a unique and cost-effective water tunnel, designed using state-of-the-
art analytical and computer methods. COSMOS/M [5], a finite element software package, 
was used to design and model the tunnel. The structural design was then evaluated and 
modified using the finite element analysis to ensure all anticipated loads were well within 
the design limits for the material. This was done by COSMOS/M using a standard Von 
Mises stress analysis. The maximum stress was determined to be 6,100 psi, while the 
maximum linear displacement was 0.149 inches. 
The computational fluid dynamic software package Fluent [6] was used for flow 
analysis of the water tunnel. This is the same program that was later used to model the 
experiment. Originally, the tunnel was modeled in three dimensions, but problems arose 
creating a useful grid for this model. The problem stems from the fact that this version of 
Fluent, version IV, was designed to run primarily in 2-D. It is capable of running in 3-D, 
but is limited to fifteen thousand nodes. Due to the size of the tunnel, this equated to 
approximately one node every six inches, far fewer than would produce a solution matrix 
that would converge in a reasonable length of time. 
An approximate flow analysis was performed in 2-D Fluent on a Silicon Graphics 
Indigo workstation. Due to the uncertainties this created, the final flow analysis was 
performed once the tunnel was operational. Flow meters, dye-injection flow visualization, 
and laser-Doppler velocimetry (LDV) were all used to evaluate the flow conditions in the 
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test section. Tunnel modifications were then made as necessary to correct any problems 
that were detected. 
Figure 2. Photograph of the Water Tunnel. 
The cross sectional size for the tunnel test section is 24 x 24 inches. This size was 
determined to be appropriate to limit the wall effects on a model with a characteristic width 
of 6 inches and a maximum length of 18 inches. This is identical in dimensions to the MIT 
water tunnel test section upon which our design is based[7]. Because of this, experiments 
can be repeated and verified using a similar facility. 
To enhance the flexibility of the types of tests that could be performed, the test 
section is able to operate either as an open test section, in which surface effects can be 
considered, or as a closed section appropriate for flow visualization as well as force 
measurement. The open test section will allow dynamically similar tests to be performed 
on models that involve surface effects such as hull models of ships. The closed section can 
be used to measure hydrodynamic effects on submerged models. 
The overall dimensions of the tunnel are 4 x 8 x 28 feet. Made of steel, the walls 
have a 0.375 inch minimum thickness with supports at maximum stress locations. The 
steel plates were welded together to form a water tight tunnel with access ports for 
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maintenance purposes. Additionally, I-beams were placed in critical locations to help 
minimize the vibrations translated from the drive system. 
The contraction cone is a set of four trapezoidal plates that are set at 90 degree 
angles to one another, creating a somewhat pyramidal shape. Each is angled toward the 
center of the flow, making a deflection angle of 26.5 degrees from each of the four sides. 
This reduces the cross-sectional area of the flow by a factor of four, taking it from 4 x 4 
feet to 2 x 2 feet in just two running feet. 
The diffuser is similarly shaped, but with a significantly lower angle. Each wall 
diffuses at an angle of approximately 7 degrees, taking the area from 2 x 2 feet, back to 4 x 
4 feet in eight running feet. The diffuser is split by two plates, one mounted horizontally, 
and the other vertically. These plates keep the flow from cavitating by reducing the total 
diffuser angle from 14 degrees to seven, both vertically and horizontally. 
Each corner, although appearing square from the outside, is actually a four-foot 
radius arc. Three turning vanes in each corner help curve the flow around the circuit. The 
vanes are arced plates with chord lengths of 12 inches. Each set is placed midway through 
the turn and evenly spaced along the radius of the curve. 
At the entrance to the contraction cone, a set of flow straighteners was installed. 
These are a set of plastic tubes measuring 0.5 inches in diameter and 5 inches in length. 
They are glued together in offset rows giving an almost honeycomb appearance. The small 
spaces in-between the tubes were left open to flow as well, creating a system that has less 
than 10% blockage. 
2.2 Drive System 
The tunnel is powered by an overhauled 460-cubic-inch Ford engine with a C-6 
three-speed automatic transmission. It is housed in a small building that was purchased 
and then specially modified to simulate the cooling airflow of a car's engine compartment at 
typical highway speeds. This was done by drawing air through a hatch in the side of the 
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building and ducting it directly into the radiator with the engine's cooling fan. A second 
fan is used to simulate the cooling air that flows under a car while driving. This fan was 
positioned in the side of the building, directly below the radiator duct. It draws outside air 
and forces it under the engine to additionally cool the oil pan and transmission. The air 
from the two fans then flows around the engine and is exhausted through a large fan near 
the roof of the building. 
For safety and versatility, each of the three fans is powered separately. The 
engine's cooling fan is turned by a single belt-driven shaft that is also connected to its water 
pump. This shaft is connected to the fan via a clutch that limits the amount of horsepower 
it can draw from the engine. This fan turns only when the engine is running. 
The ground-effect fan is electrically powered by the engine. It is switched by the 
engine's ignition key. It runs any time the engine is running. Additionally, it can be run 
with the engine off by turning the key to the accessories position. This can be used to help 
quickly cool the transmission after long runs. 
The building's exhaust fan is also electrically powered. It is wired to the building's 
standard 110 volt AC power. It is switched by a typical light switch located just inside the 
door of the building. For safety, this fan is usually left running throughout a day of testing 
to ensure the temperature within the building never exceeds safe limits, whether or not the 
engine is currently running. 
The engine drives a 32.5 inch diameter, 3-bladed, brass propeller. This propeller 
was originally positioned inside a flat-plate orifice that was to reduce the cross-sectional 
area, while keeping the tips of the prop in its boundary layer. However, the orifice caused 
cavitation on its downstream side and a large momentum loss in the flow. It was removed 
as a first step in improving flow conditions. 
The propeller is turned by a nine foot drive-shaft that runs from the back of the 
transmission, through the walls of the engine building and water tunnel building, through 
the side of the tunnel, and into the propeller. It is supported by three triangular frames 
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inside the tunnel. Each frame houses a thordon water-cooled bearing. A fourth water-tight 
bearing supports it at the tunnel wall. 
The engine is monitored and controlled from a console located next to the tunnel. 
This console contains the ignition key, throttle, gear selector, and an array of gauges. 
Critical temperature gauges for the oil and transmission fluids are marked with "red lines". 
The operator must monitor these gauges while the engine is running to ensure they do not 
exceed safe temperatures. 
2.3 Water Transfer System 
In order to quickly and safely fill and drain the tunnel, a separate system was 
designed and installed by the engineers at Harbor Branch. This system consists of a 
swimming-pool filter and pump, an array of piping and valves, and a separate holding 
tank. By correctly setting the valves, water can be pumped from the tank into the tunnel, 
pumped from the tunnel into the tank, or in an emergency situation, dumped rapidly and 
directly onto the ground outside the building. 
The water can also be filtered while in the tunnel or the tank. This saves a great 
deal of time by allowing the experimenter to leave the water in the tunnel, tank, or typically 
a combination of both, for an extended period of time and not have to refill the system 
before the next set of tests. A dry fill takes approximately eight hours due to the limitations 
of the water supply on site, and requires permission and coordination with the facilities 
manager. 
2.4 Force Balance 
The force balance first suggested for water tunnel operation was a modified version 
of a three-component, pyramidal force balance designed at Embry-Riddle Aeronautical 
University in 1988 [8]. However, a pyramidal balance requires components that are placed 
directly in the flow. The resulting drag on the system makes the design impractical for 
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hydrofoil applications. Instead, a cantilever-mounted side-wall balance was designed for 
this application (Figure 3). 
The force balance is a de-coupled, three-component, pyramidal system comprised 
of two load cells mounted 90 degrees to each other, a torsion cell, a single load member 
and a steel-frame housing. The load cells are Transducer Technique's SWP-2K, which are 
±2000 lb load cells with a rated non-linearity of 0.05% at full load. The torsion cell is a 
Transducer Technique's TRS-2K, which can handle ±2000 in-lbs of torsion with a non-
linearity of 0.05% for full scale. The combination of these measuring devices allows the 
force balance to measure typical NACA hydrofoils with up to a 48 square inch planform 
area in fresh water velocities of up to 30 ft/s. 
The forces are transmitted to the instruments through the load member. The load 
member passes through the upper wall of the test section and is surrounded by a water-tight 
boot. This latex-rubber boot is fastened to the load member with a hose clamp on one end 
and mated to the top test section wall using a metal flange and several machine screws on 
the other end. At very large positive or negative angles of attack, a small moment is 
incurred by this set-up, but for most normal operating angles the interference is negligible. 
The load member itself was machined from a single 3 inch diameter rod of stainless 
steel. It was turned down to a 1.5 inch diameter rod with a 3 inch diameter flange on the 
upper end. The end protruding into the test section is trapezoidal. It is 1.5 inches long and 
tapers from 1/2 to 3/8 inches. This shape allows a zero-tolerance mount for models and 
test equipment. 
Above the tunnel wall, the member is held vertical by a bearing. The bearing is 
press-fitted into a collar that reacts the forces on the member via two pushrods, but allows 
the torsion to pass through. The loads transmitted into the pushrods are read by the load 
cells mounted to the frame of the force balance. 
In order to properly react to the forces on the hydrofoil, the steel rod must be 
perfectly plumb. To account for small deflections, or other unseen variations, the force 
balance was designed so that the lengths of the push-rods that are connected to the load 
cells are adjustable. To ensure the model is hanging plumb and is perpendicular to the 
walls of the test section, the final measurement is made after the model is mounted. 
The two push-rods consist of an assembly of three parts: a left handed threaded 
rod, a right handed threaded rod, and a coupling nut. It was necessary to machine 3/4-16 
UNF threads for the left-handed rod and buy a length of right-handed 5/8-18 UNF 
threaded rod for the right-handed side. A coupling nut to join the two was also machined. 
STEEL ROD-
=n 
E A R I N G 
TORSION CELL 
3 / 4 - 1 6 LEFT HANDED THREADED ROD 
OUPLING NUT 
5 / 8 - 1 8 THREADED ROD 
LOAD CELL 
Figure 3. A Force Balance Assembly Drawing. 
•ADAPTER PLATE 
-UNIVERSAL JOINT 
The load member, which is free to turn in the bearing, is bolted directly to the base 
of the torsion cell. The torsion cell is then connected to a universal joint to relieve any 
over-hung moments. The universal joint is then connected to the frame through an adapter 
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plate. It is critical that the transverse sheer in the torsion cell be kept to a minimum to avoid 
the possibility of damage to it. 
The force balance mechanism is mounted to a steel frame and mounted to 
the top of the water tunnel. The frame was constructed of 3/8 inch plate steel and is 
basically a 12 inch cubic shape that is open on the bottom where it mounts to the tunnel, 
and along the edges for tool access. The mounts are four curved slots that allow the 
balance to rotate ±20 degrees from freestream by sliding along the 1/2 inch mounting bolts. 
2.5 Data Acquisition System 
The data acquisition (DAQ) system is a referenced single ended system comprised 
of four primary parts. First is the Noise Suppression system which is made up of three 
Isolation Operational Amplifiers (Iso-OpAmps). Next is the 12-bit DAQ card which relays 
data from the noise suppression system into Lab VIEW. Third is the Labview program that 
reads the data from the DAQ system and processes the information. The fourth is the IBM-
clone personal computer which is used to run the program Lab VIEW and house the DAQ 
card. 
2.6 Noise Suppression System 
The noise suppression system has one Iso-OpAmp attached to each of the three 
channels being read by the DAQ system. The three channels are normal force, axial force, 
and pitching moment. The DAQ system sends 10 volts excitation to the torsion and load 
cells which then respond to force inputs by sending millivolt readings to the Iso-OpAmps. 
These amps are powered on the back side by a separate 5 volt source that filters and 
amplifies the signal. 
The millivolt signals are sent from the noise suppression system into the DAQ card. 
The 12-bit card has 212 or 4096 divisions for full scale. With a voltage range of ±5 volts, 
the step size was determined to be 2.44 millivolts. With the maximum excitation and signal 
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amplification, one pound of force equaled approximately one millivolt. Thus, the minimum 
resolution on the load was 2.44 pounds. 
This resolution was determined to be too coarse for our experimental needs, so the 
card was reprogrammed to use ±0.5 volts as the total range. This was within the limits of 
our expected forces, and it reduced the step size to one tenth its previous value. The 
minimum force resolution was now 0.244 pound divisions over the ±50 lb range, but can 
be easily re-programmed for 2.44 pound divisions over a ±500 lb range. 
2.7 LabVIEW 
The program that runs the force balance is written in the graphical language 
LabVIEW. It takes the normal and axial voltages from the load cells and multiplies them 
each by a calibration factor to calculate the load in pounds. It then uses the angle of attack 
input by the user to calculate lift and drag. The pitching moment is also multiplied by the 
calibration factor, but then used directly, as it is independent of angle of attack. 
To minimize the effects of aerodynamic fluctuations, and averaging routine is used 
in the program. The routine samples the real-time data on three channels simultaneously at 
half-second intervals for five seconds. These values are then averaged for each of the 
channels to produce a quasi-steady-state flow. 
The program also performs an adjustment for mechanical noise and hysteresis. A 
separate sixth-order polynomial, as a function of angle of attack, is subtracted out of the 
readings on each channel. This accounts for mechanical friction, the flexure of the latex-
rubber boot, and minute changes in stress as a result of imperfections in the slotted radii 
used to guide the balance through the ranges of angle of attack. 
The polynomials were created by recording the loads incurred as the force balance 
moved multiple times through the range of angles with no external loads applied. The 
results were plotted as a function of angle of attack using a spread sheet. The best fit curve 
for the data can then be represented as a polynomial that is imported into the program. 
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The computer used is a Cyrex 5X86 running at 133 MHz. Because a potential 
difference of up to 10 volts from the third prong to Earth ground was discovered, it was 
decided that the system would be configured using a referenced single ended system using 
the water tunnel itself as the referenced ground. A differential voltage was preferable in 
this situation, but was not an option due to the limitations of the 12-bit DAQ card. 
However, the size of the tunnel and its volume of water made it an adequate choice as a 
reference ground. 
Figure 4. The LabVIEW Virtual Instrument. 
2,8 Template Model Construction 
In the early stages of the project, it was necessary to choose the hydrofoil types 
and create prototype models. The NACA 4412 and NACA 4415 were selected for this 
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study because they are frequently used for large hydrofoil craft. [9] The hydrofoil sections 
were created using a full-cosine method in a UNIX-based FORTRAN program, and drawn 
with six-inch chords using Pro/ENGINEER software. Two of each of these drawings 
were then pasted onto 1/8 inch thick galvanized sheet metal so that templates could be cut 
and then ground to the exact foil shape. 
Using the templates as a guide, a band saw was used to cut two four-inch-span 
models of each foil out of bass wood. The two halves were then glued together creating an 
eight-inch-span model of each hydrofoil. These were then used to create twenty five thin 
aluminum sleeves of each hydrofoil shape. These sleeves were placed in a tank of sea 
water (Figure 1) where Enteromorpha clathrata fouling attached itself. Once sufficient 
growth was formed, the sleeves were fitted over machined aluminum hydrofoils for 
testing. 
2.9 CNC Models 
The actual models used for testing were machined from 6061-T6 aluminum using a 
tabletop CNC milling machine. A 1 x 6 x 48 inch bar of aluminum was cut into sixteen, 1 
inch lengths for an initial block dimension of 1 x 6 x 1 inches. This was determined to be 
the best size for minimizing stresses due to overhung moments on the CNC machine during 
a top-down, 2-D process. The block size was also ideal for minimizing waste from the 
one-inch-span hydrofoil sections with six-inch chord lengths, and approximately one-inch 
thicknesses. The eight sections of each hydrofoil shape were later assembled into two 
eight-inch-span models. 
To mill the aluminum on the CNC machine, an operating program had to be 
created. The operating program was created by first writing a text file with the (x,y) 
coordinates of each foil. A program written in LabVIEW was created to generate these 
points. These coordinates were imported into ProENGINEER where the hydrofoils were 
modeled and a *.dxf file was constructed. This file was transferred to the Spectra-mill 
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software where it was converted into G-code. This G-code contained the operating 
commands for the CNC milling machine. 
Three separate G-code files were used to machine each model. The first contained 
coordinates of drill holes, the second contained instructions to make the complex curves of 
one of the two hydrofoils, and the third was a pocket used for mounting the model to the 
force balance. 
The holes were drilled first because they were used to mount the aluminum blocks 
to the CNC machine. Each block of aluminum was placed in a vise which was mounted to 
the CNC table. Four pilot holes were drilled by the CNC machine at various locations with 
a 1/8 inch end mill (Figure 5). The holes near the leading and trailing edges were reamed to 
1/4 inch and used to mount the block to the CNC table for the contouring operations and 
later to assemble the eight sections. The two inner holes were reamed to 1/2 inch diameter 
on six of the eight blocks using a drill press. These were used for tool access when 
mounting the hydrofoil to the force balance. One section of each model was reamed to 1/4 
inch diameter and counter-sunk on one side. This piece held the mount-screws that attach 
the model to the force balance. In the remaining piece for each model, the mounting 
pocket, explained in detail below, was machined. 
Since the contour is an external operation, the vise would interfere with the milling 
of the hydrofoil curve. Therefore, to perform the contouring operation, a special mounting 
plate had to be created and installed on the CNC table. Each block was then mounted to it 
using the outer drill holes. 
The hydrofoil was cut using a 1/4-inch-diameter bit. The bit started the sequence at 
the trailing edge, moving along the upper surface to the leading edge, and then back along 
the lower surface to the trailing edge (Figure 6). The machine moved at a rate of four 
inches per minute with a cutting depth of 0.05 inches. A total of twenty passes were 
needed to mill a one inch block. This sequence was run for all eight blocks of each model. 
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M a c h i n i n g M o u n t H o l e s 
F o r c e B a l a n c e M o u n t H o l e s 
Figure 5. Mounting Holes drilled by the CNC Machine. 
The final program cut a trapezoidal pocket in the hydrofoil centered over the quarter 
chord. The pocket is 1.5 inches in length and tapers from 1/2 to 3/8 inches in width. It 
was used to mount the hydrofoil to the force balance for testing. Since the mount is exactly 
one inch deep, the pocket only needed to be cut into one of the eight blocks for each model. 
M i l l i n g 
D i r e c t i o n T o o l R o t a t i o n 
- • - D i r e c t i o n 
M i l l i n g 
D i r e c t i o n 
Figure 6. Milling Directions. 
The last step in constructing each model was to assemble the eight pieces. The piece 
containing the pocket came first, followed by the piece with 1/4-inch-diameter holes, 
counter-sink down. The remaining six pieces with half-inch holes were added last. Two 
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eight-inch-long threaded rods with 1/4-inch diameter were run through the outer holes and 
used to hold the pieces together. 
Slots were cut into the model at each end of the rod using a horizontal mill so that 
the nuts on each end of the threaded rod were set flush in the hydrofoil. To ensure that the 
outer surfaces were smooth, body putty was spread across the foil and then sanded. For 
testing, a thin sleeve of aluminum with biological fouling was wrapped around the hydro-
foil and held in place with spray adhesive and three machine screws along the trailing edge. 
3.0 CALIBRATION OF EQUIPMENT 
The program which reads and interprets the data from the DAQ system was written 
in LabVIEW. The program has a number of calibration sub-routines which the data passes 
through before the final measurements are reported on the screen. In order to calculate the 
pounds corresponding to the normal, axial, and moment loads, LabVIEW multiplies the 
millivolt readings from the load cells by a calibration factor. Next, the program uses a set 
of sixth-order polynomials to correct for mechanical noise. Finally, the program uses the 
angle of attack, input by the user, to calculate lift and drag from the normal and axial 
forces. 
Figure 7. The Calibration Fixture. 
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3.1 Force Balance Calibration 
The calibration of the force balance load cells was accomplished using a fixture 
specially designed for this purpose. An aircraft jack was used as a base because it was 
rigid, heavy, and easily adjustable for the proper height. The jacking point was removed 
and replaced with a cantilevered angle bracket that supported two pulleys. The pulleys 
were originally fan belt idler pulleys, purchased used and refurbished for this application. 
The pulleys were set at 90 degree angles to one another so that loading could be applied to 
lift, drag, and pitching components of the force balance (Figure 7). 
Lift Calibration 
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Figure 8. Calibration of Lift Load Cell 
A mounting adapter was created that would bolt directly to the base of the force 
balance and then provide a 3/8 inch square slot to receive a socket drive from a breaker bar. 
The breaker bar was then connected to a braided steel cable that was threaded through the 
U . O J 
0.3 
<*s 
> 
s ^ 
0) 
Q) 
CD 
#-* 
W" 
o 
> 
0.25 
0.2 
0.15 
0.1 
0.05 
^^^^"^ 
1 
19 
Drag Calibration 
> 
O) 
CD 
* - » 
O 
> 
-0.01 
-0.02 
-0.03 
-0.04 
-0.05 
-0.06 
-0.07 
C 2 
j & £ 
11
 / / / 
if 
) 4 
^ B i ^ ^ f ^ 
• „^ Y^~ »P 
-ca 1 
•CEI 2 
- - - A - - Cd3 
Weight (lbs) 
Figure 9. Calibration of Drag Load Cell 
0.05 
-0.05 
0) 
O) 
CD 
4 - * 
P"" 
o 
> 
-0.1 
-0.15 
-0.2 
-0.25 
-0.3 
Torsion Calibration 
c > ^ 1 3 1 5 2 3 2 3 3 ) 
Torsion (ft -lbs) 
A 
—•-
- - A - -
"CaJ 1 
•Cal 2 
CaJ3 
Figure 10. Calibrationof Pitch Torsion Cell 
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system of pulleys and used to suspend weights. Known weights from 0 to 70 lbs and 
torques from 0 to 30 ft-lbs were applied to simulate the forces and moments at various flow 
speeds that would be expected during testing. Each direction was loaded up and down, 
and then repeated for a total of three times. The calibration factor, or slope, of the best-fit 
straight line, as well as hysteresis for each, are shown in shown in Figures 8, 9, and 10. 
The mechanical correction or tare readings used by LabVIEW were obtained by 
recording the voltages from the load cells at given angles of attack without any loads on the 
hydrofoil. The data were then input into a spread sheet and plotted as a function of angle of 
attack. Best-fit polynomials were then calculated for the data. The equations for the 
polynomials were then placed in LabVIEW and subtracted from the data to yeild the correct 
values of lift, drag, and pitching moment. An example of this for lift is shown in Figure 
11. The polynomial accounts for friction in the mechanical system, flexing of the rubber 
boot, and stressing of the frame walls. 
Figure 11. Tare Function for the Lift Loads. 
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LabVIEW was also used to minimize the effects of hydrodynamic fluctuations. To 
do this LabVIEW uses an averaging routine. The routine samples real-time data on the 
three channels simultaneously at half-second intervals for five seconds. The values are 
then averaged for each of the three channels in an attempt to produce a steady-state flow 
condition. 
3.2 Water Velocity Calibration 
The velocity of the water during the tests was measured indirectly by recording the 
speed of the propeller in revolutions per minute (rpm). The speeds are reported on the 
engine console by a digital meter that is connected to the drive shaft. The two speeds 
chosen were 250 and 300 rpm. These speeds equate to approximately 8 and 10 ft/s, 
respectively. 
The actual velocity of the water in the test section was determined by using laser 
Doppler velocimetry (LDV). An Innova 70 Series 5 watt laser was used to calibrate the 
water speeds in the test section as a function of drive shaft rpm. The results are plotted in 
Figure 12 below. 
Figure 12. Test Section Velocities as a Function of Propeller Speeds. 
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The LDV system also provided information on the flow conditions in the test 
section. The w, v, and w velocities at 2000 locations distributed over the cross-section and 
along the length of the test section were averaged into a mean flow velocity and a standard 
deviation in each direction. Also, a percent turbulence factor for each speed was found. 
4.0 TESTING PLANS AND PROCEDURES 
Approximately eighteen months before the start of testing, Harbor Branch 
biologists placed the aluminum sleeves, described in Chapter 2, in a tank of sea water and 
seeded the tank for the growth ofEnteromorpha clathrata (Figure 1). Three months before 
testing, the water level in the tank was reduced and a sprinkler system was added. This 
created wet surfaces exposed to air in simulation of the conditions experienced by boats and 
surfaced submarines due to the constant wetting action of waves and sea spray. 
One to four hours before the tests, the sleeves were removed from the aquaculture 
tank and placed in a bucket of fresh water. Because the algae attaches to any surface that it 
can, frequently two or more sleeves would be connected together in the tank. A large pair 
of scissors was used to separate the sleeves, often it was necessary to sacrifice one sleeve 
to save the growth on its stronger neighbor. 
Due to the obvious corrosive problems from salt water, it was also decided early in 
the research project that sea-water testing created an unnecessary expense. Enteromorpha 
clathrata can survive in either fresh or salt water, but it was decided that the shock of a 
sudden change in salinity might alter its behavior during testing. Therefore, it was given at 
least and hour in the bucket to become acclimated to the fresh water used in the water 
tunnel. 
Each sleeve was stored in the bucket of water until it was ready to be tested. At that 
time, it was removed from the water and the underside was scraped clean. The growth on 
the underside was minimal due to the fact that Enteromorpha clathrata requires some 
sunlight to survive. Once the underside was cleaned, it was dried and sanded lightly. Then 
both the underside of the sleeve and the machined aluminum model were coated with spray 
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adhesive. After one minute of drying time, the two surfaces were mated by wrapping the 
sleeve around the airfoil model. Three small sheet-metal screws were then added to the 
trailing edge as an extra measure of safety. Finally, the model was mounted to the force 
balance, the test section was sealed, and the tunnel was filled for testing. 
Extreme care was necessary during this entire process to ensure the safety of the 
algae and its adherence to the sleeve. Nearly half of the fouled sleeves were discarded 
during this process because of damage to the algae from adhesive over-spray, the drill and 
screws, or the scissors while freeing their neighbor in the tank. This was necessary to 
ensure realistic conditions for testing of the phenomenon. 
4.1 Initial Testing Plan 
Tests were planned at a water velocity of 12 ft/sec, with an angle of attack range of 
-6 to +18 degrees in two degree increments, and for various conditions of fouling as 
shown in Table 1. The rectangular fouling areas for center-to-tip testing would be 
measured from the model center. For example, a 6 x 8 inch center-to-tip area would be 
Table 1. Planned Fouling Conditions. 
Fouling 
Chord by Span 
Center-to-Tip 
6"x8" 
6" x 6" 
6" x 4" 
6" x 2" 
4 " x 8 " 
4" x 6" 
4" x 4" 
4" x 2" 
3" x 8" 
3"x6" 
3"x4" 
3"x2" 
2" x 8" 
2" x 6" 
2"x4" 
2" x 2" 
l " x 8 " 
l " x 6 " 
1" x 4" 
l " x 2 " 
Areas 
Directions 
Tip-i 
6" x 8" 
6" x 6" 
6" x 4" 
6" x 2" 
4" x 8" 
4" x 6" 
4"x4" 
4" x 2" 
3" x 8" 
3" x 6" 
to-Center 
3"x4" 
3" x 2" 
2 " x 8 " 
2" x 6" 
2"x4" 
2"x2" 
1" x 8" 
l " x 6 " 
l " x 4 " 
l " x 2 " 
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fouling on the entire model surface. A 4 x 4 inch center-to-tip area would be measured 4 
inches from the leading edge and 2 inches from each side of the center in the spanwise 
direction. Fouling areas for tip to center would be measured from the model tip. For 
example, a fouled tip-to-center area of 6 x 6 inches would be measured six inches from the 
leading edge and three inches inward (spanwise) from each tip (Figure 13). 
Algae fouling would be controlled per test. The fully fouled cases would be tested 
first and then removed in the described manner. In addition, a clean case would be run for 
each hydrofoil as well. 
Fouled Center to Tip Fouled Tip to Center 
• 
\ / 
fouling fouling 
Figure 13. Fouling Patterns 
4.2 Actual Testing Procedure 
The original test plan was executed for the clean hydrofoils, but was abandoned 
after only one fouled hydrofoil. The algae did not adhere as strongly as expected and 
would not behave well enough for the plan to be followed. Instead, each fouled sleeve was 
mounted to the hydrofoil model and then run at 10 ft/sec at various angles for up to five 
minutes. During this time, most of the loosely attached algae was stripped away leaving 
only the firmly attached remnants that would mostly remain for the duration of the testing 
(Figure 14). 
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Figure 14. A Fouled Model Undergoing Tests. 
Photographs were taken of the models before each of the actual test runs were 
conducted and again after each of the test runs were concluded. This allowed a record to be 
kept of how much algae was in place for each test run and how much was stripped away 
during the tests. These photographs were then scanned into a computer and converted to 
two-shade, black-and-white images. A grid was overlaid on each picture and used to 
determine the exact percentage of fouled surface. 
A written record of the amount of fouling present for each test run was also kept. 
The percentages represented, however, were only the experimenter's approximation of 
how much of the surface was covered. It was later shown, through the process described 
previously, that the estimates were high for large quantities of fouling and low for minimal 
amounts of fouling. These numbers, however, were used for the specific cases where the 
photographs were dark or the resolution poor and the scanning method could not be used. 
In these cases, the numbers were adjusted for the error trends described. Any data analysis 
performed used these runs simply to verify trends and never to calculate actual results. 
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Three fouled sleeves were run on the NACA 4412 hydrofoil at shaft speeds of 250 
and 300 rpm, or approximately 8 and 10 ft/s in the test section, as described in Chapter 3. 
This was repeated for the NACA 4415 model. Adding the two clean cases for each gave a 
total of eight runs for each model at varying speeds and fouled conditions. To further 
increase the variations, the order in which the two speeds were tested was alternated. Since 
some fouling was always being stripped away, this allowed some heavily fouled cases to 
be studied at each speed. 
The angles of attack for each run were varied from -6 to +18 degrees in 
approximately 2 degree increments. Due to the sensitivity of the force balance, tests were 
run only on increasing angles of attack. If the lab assistant over-shot the desired angle, the 
angle where the force balance rested was recorded and measurements were taken at that 
angle. The balance was not reversed during a test run. This significantly reduced error 
associated with the force balance measurements and greatly increased the repeatability. 
At each angle of attack, the voltages due to normal force, axial force, and pitching 
moment were read by the data acquisition system and converted into the lift, drag, and 
pitching moment. These values were recorded in a text file along with the shaft speed, 
percent fouling, and angle of attack that were all input by the operator. The LabVIEW 
program was written so that the text file created was updated with each new set of values to 
create tab-delimited columns of data that could be opened and easily manipulated or 
graphed in a spread sheet. 
To avoid reading transient values, the LabVIEW virtual instrument was designed 
with real-time strip charts to provide a pictorial display of the lift, drag, and pitching 
moment with respect to time. After a change in angle of attack, the user would view the 
graphs of each value. It took 5 to 10 seconds for the transient effects to dissipate and the 
hydrofoil to re-establish steady-state flow. At this time, the experimenter would key a 
virtual button on the screen to start the recording sequence. This sequence instructed the 
data acquisition system to read each of the three channels simultaneously at 1/2 second 
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intervals for five seconds. These ten values were then averaged in the program and stored 
in the text file as described previously. This procedure improved the systems ability to 
ignore unsteady hydrodynamic effects, and produce cleaner quasi-steady-state data. 
5.0 EXPERIMENTAL RESULTS 
Analysis of the water tunnel experimental data was done in three parts. First, the 
raw data for lift, drag, and pitching moment as a function of angle of attack were gathered, 
tabulated, and graphed (Appendix A). Next, theoretical data were found for the NACA 
four digit hydrofoils based on flat-plate studies done in water and air at low Reynolds 
numbers. Finally, the experimental data were compared to the calculated theoretical results. 
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Figure 15. Sample Data Showing Coefficients of Lift vs. Angle of Attack for Clean and 
Fouled Hydrofoils at 8 ft/sec Freestream Velocity. 
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5.1 Experimental Data 
By adding fouling to the hydrofoils, a dramatic change in the lift curve occurred. 
(Figure 15). The zero-lift angle of attack moved from -3 degrees for the NACA 4412 and 
-5 degrees for the NACA 4415 to a constant 6 degrees for all amounts of fouling over 10% 
of the upper surface. The maximum lift, however, was reduced as a function of the degree 
of fouling such that the larger the amount of fouling, the lower the maximum lift (Figure 
16). 
• At 8.098 ft/s 
• At 9.814 ft/s 
At 8.098 ft/s 
At 9.814 ft/s 
% Fouling 
Figure 16. Reduction in Maximum Lift Coefficient as a Function of Percent Fouling. 
The drag, as shown in Figure 17, increased very slightly for almost all angles of 
attack except very high angles or very low angles near the negative stall. At these points it 
fell below the drag of the clean hydrofoil. The amount that the fouled drag fell below the 
clean curve is a function of the amount of fouling present on the upper surface for high 
angles and on the lower surface for low angles. This effect was more pronounced on the 
NACA 4412 for high angles of attack and the NACA 4415 for low angles of attack. 
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Coefficient of Drag versus Angle of Attack 
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Figure 17. Coefficients of Drag vs. Angle of Attack for Clean and Fouled Hydrofoils. 
The pitching moment, as shown in Figure 18, dropped to zero with almost any 
amount of fouling for angles where the lift was also less than or equal to zero. At some of 
the higher angles of attack, the pitching moment was slightly nose down. The amount of 
nose-down pitching was inversely proportional to the amount of fouling on the hydrofoil. 
5.2 Correction for Boundary Layer Thickness 
After an extensive search, it was determined that no non-proprietary theoretical data 
for lift, drag, and pitching moment exist for NACA airfoils in water. However, data on flat 
plates in water at various angles of attack and velocities were readily available in several 
NACA studies [10]. Data on flat plates and both the NACA 4412 and NACA 4415 
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Table 2. Results and Comparisons for Clean Data. 
Foil 
4412 
4412 
4415 
4415 
Speed 
(ft/s) 
8.098 
9.814 
8.098 
9.814 
RN 
437,000 
530,000 
437,000 
530,000 
Theor. 
CI 
0.672 
0.720 
0.755 
0.790 
Exper. 
CI 
0.721 
0.621 
0.682 
0.595 
% 
Diff. 
7.29 
13.75 
9.67 
24.68 
Theor. 
Slope 
0.09535 
0.09535 
0.09535 
0.09535 
Exper. 
Slope 
0.09524 
0.09260 
0.1037 
0.09049 
% 
Diff. 
0.12 
2.88 
8.75 
5.10 
tested in air are also readily available [11],[12]. These data, therefore, were used to 
calculate the data for the NACA 4412 and NACA 4415 in water by matching the Reynolds 
numbers and then accounting for several small differences caused by the hydrodynamic 
effects [13]. 
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Table 3. Results and Comparisons for 4412 Fouled Data. 
Speed 
(ft/s) 
8.098 
8.098 
8.098 
9.814 
9.814 
9.814 
RN 
437,000 
437,000 
437,000 
530,000 
530,000 
530,000 
% 
Fouled 
33.6 
50.4 
73.2 
33.6 
54.1 
68.2 
Clean 
*-*MAX 
0.721 
0.721 
0.721 
0.621 
0.621 
0.621 
Fouled 
CI 
0.25 
0.23 
0.13 
0.30 
0.29 
0.18 
% 
Diff. 
65.3 
68.1 
82.0 
51.7 
53.3 
71.0 
Clean 
* - " M i n 
0.065 
0.065 
0.065 
0.048 
0.048 
0.048 
Fouled 
CdMin 
0.098 
0.221 
0.283 
0.066 
0.15 
0.16 
% 
Diff. 
50.7 
240.0 
335.4 
37.5 
212.5 
233.3 
The first step in converting the raw water tunnel data to two dimensional data was 
to find the Reynolds number for the test section at each velocity in order to find the 
boundary layer thickness (5) along the tunnel walls (Appendix B). A turbulent boundary 
layer was assumed for these calculations. The boundary layer displacement thickness (5*) 
was then calculated using Schlichting's Boundary Layer Theory [14]. 
Table 4. Results and Comparisons for 4415 Fouled Data. 
Speed 
8.098 
8.098 
8.098 
9.814 
9.814 
' 9.814 
RN 
437,000 
437,000 
437,000 
530,000 
530,000 
530,000 
% 
Fouled 
15 
25 
65 
10 
14.6 
40 
Clean 
C M A X 
0.682 
0.682 
0.682 
0.595 
0.595 
0.595 
Fouled 
CI 
0.53 
0.32 
0.17 
0.47 
0.32 
0.20 
% Diff. 
22.3 
53.1 
75.1 
21.0 
46.2 
66.4 
Clean 
^ " M I N 
0.059 
0.059 
0.059 
0.04 
0.04 
0.04 
Fouled 
*~"MIN 
0.027 
0.108 
0.104 
0.035 
0.06 
0.103 
% 
Diff. 
-54.2 
83.1 
76.3 
-12.5 
50.0 
157.5 
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In order to find the effective planform area, the displacement thickness was sub-
tracted from the actual span of the airfoil model [15]. The section of span producing lift 
was then doubled across the reflecting plane to determine the effective span (b) [16]. This 
was used to calculate the effective rectangular planform area (S) and aspect ratio (AR). 
These values were later used to find the coefficients of lift, drag and pitching moment as 
well as two dimensional lift curve slopes [17]. 
6.0 MODELING WITH FLUENT SOFTWARE 
In many complex aerospace engineering applications, it has become necessary to 
build computer models of fluid flow around an aerodynamic body. This area of study is 
referred to as computational fluid dynamics (CFD). The limiting factor with this approach, 
one that plagues many engineering applications, is that the results are only as good as the 
limitations of the software and its modeling techniques. To increase the accuracy of this 
modeling, a new approach was developed that involves a number of complex mathematical 
operations. 
6.1 Fourier Series Approach 
In order to model the flow around aerodynamic bodies, the surrounding areas must 
first be defined. Using Cartesian coordinates (x,y), the boundaries of the domain are 
established. Then, a square-grid system is fitted into the boundaries and around the 
aerodynamic body placed at the center of the domain. 
Unlike a normal (x,y) domain, only the shape of the squares must remain constant, 
the sizes can be varied to fit the particular instance of modeling. Once the basic grid is 
defined, a weighting factor may be applied to certain regions within the domain. This 
allows the modeler to increase the number of grids per unit area in the regions where flow 
changes are critical, and relax the parameters where the flow is more uniform [18]. An 
example of a completed grid with weighting factors applied is shown in Figure 19. 
Now that the grid is complete, the modeler can use the Euler formulas [19] to 
calculate the flow in each grid square. 
35 
n
 n 
n 
f(x)cos(nx)dx b = i . 
- 7 1 n 7C 
7t 
f7x)sin(nx) dx , 
•o) 
where f(x) is the flow equation and n = 1,2,3,... Using a Fourier expansion, the grids can 
be summed to give the solution for the flow at any point in the domain. 
f ( x ) : - - a t 2 o 
oo 
y a -cos(n-x) + b sin(nx) 
n = i 
(2) 
Figure 19. A Completed Flow Grid with Weighting Factors Applied. 
This type of modeling works very well for problems that require a flow 
visualization or pressure distribution. However, there are some drawbacks to using this 
type of model. The most critical of these is the lack of a well-defined model surface. 
Moreover, aerodynamic problems involving the shape or smoothness of the model's 
surface are not accurately depicted. Figure 20 shows a cun'ed pipe modeled using this 
approach. This is obviously not an accurate representation of reality. 
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Figure 20. An X, Y Grid Over Curved Surfaces. 
6.2 Boundary Value Problems 
To model flows around complex aerodynamic shapes, a second coordinate system 
is often used. The grid in the imaginary (i j) domain is often defined as a rectangle. This 
rectangle is then wrapped around the complex curvatures by defining a physical (x,y) 
coordinate domain that is bounded by the surface of the body and the outer edges of the 
(ij) domain as shown in Figure 21 [6]. By allowing the computer to solve the boundary 
value problem, it can map a well-fitting grid with smooth curves. 
Figure 21. An Imaginary Grid and its Physical Domain. 
This method of defining grid domains also works well for flows in interior regions 
such as pipes and closed channels. In these instances, the boundaries are defined as the 
curves of the interior walls. The boundary value problem is then solved by the computer, 
and the grid is fitted into the defined space. An example of a mapped interior region is 
shown in Figure 22 [6], 
Figure 22. A Grid Map of an Interior Region. 
Figure 23. Grid Map of a NACA 4412 Airfoil. 
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6.3 Poisson's Equation and Laplace Transforms 
The boundary value method described above works well for curvature changes that 
remain somewhat constant. However, in aerodynamics or hydrodynamics, a wide variety 
of complex curved shapes are encountered. These shapes make it difficult to create grids 
that curve sharply enough with the methods described above. 
Figure 23 shows a NACA 4412 airfoil that was modeled by the investigators for the 
National Science Foundation [20]. It was done using the boundary value method described 
previously. It can be seen that the sharp changes in curvature produce non-uniform 
variations in the grid. This may cause singularities or regions of non-convergence in the 
flow field. 
To avoid these problems, the manual for the CFD program Fluent suggests using a 
Laplacian operator to model a curved flow field. This is similar to the method used to 
describe the heat flow in a rod with no sources. In that example, U(x, t) is the temperature 
distribution and U(x, 0) = f(x). 
Uxx = u/t 0 < x < p t > 0 (3) 
B.C.: U(0,t) = 0 U(p,t) = 0 I.C.: U(x,t) = f(x) 0 < x < p 
In this example, it is the constant temperature lines of the radiated heat that are of 
concern. To find that, a Laplacian operator is used. This is also called the Poisson 
equation. Here £, and r| represent curvilinear coordinates, and P and Q are the control 
functions [6] 
V2$(x,y) = P($, TI) V2i;(x,y) = Q& T,) 
where V2 = (d2/dx2) + (a2/dy2). (4) 
Because the physical grid locations are in Cartesian coordinates, the equations must 
be rewritten with x and y as unknowns, yielding the following pair of equations [6]: 
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a(S2x/8l;2) - 2p(82x/5^5ri) + y(82x/8r,2) + g[P($,r|)8x/8£ + Q(4,TI)5X/6TI] = 0 (5) 
a(8V/8^) - 2P(82y/8$8rO + y(b2y/8^) + g[P($,r,)5y/8S + Q(^,r|)5y/5r|] = 0 (6) 
with a = (8x/8r02 + (Sy/8r|)2 p = (8x/8Q(8x/8r|) + (8y/8£)(8y/8rj 
y = (8x/8Q2 +(Sy/8^)2 g = (8x/8^)(8x/8rj) - (8y/S4)(5y/8r|). 
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Figure 24. Graph of Constant Temperature Lines 
The graph of the constant temperature lines is shown in Figure 24. Using this 
graph as the i, j or imaginary domain, the physical grid should produce curved lines around 
the airfoil. This method was first used for the interior region in Figure 25. Comparison 
with Figure 22 reveals considerable improvement in the grid design. 
Figure 25. Interior Flow Using a Laplacian Operator. 
The final step was to apply this method to the NACA 4412 airfoil. As shown in 
Figure 26, this method was successful in smoothing the grid pattern and removing any 
abrupt direction changes that are normally associated with singularities or regions of non-
convergence. It also produced a grid that tends to match the stream function of a NACA 
airfoil. The result of this was stream lines that tended to flow parallel to the grid lines. 
This reduced the need for the program to approximate the stream function across the grid 
boundaries and therefore provided more accurate results than the previous models. 
Figure 26. Grid Map of a NACA 4412 Airfoil using a Laplacian Operator. 
The mathematical solution for a stream function over an airfoil or hydrofoil is very 
complex. As a result, any computational fluid dynamic modeling must have at least the 
same degree of complexity to yield useful results. Linear solutions, no matter how 
complex, seem to fall short of providing accurate results when boundary layer or surface 
roughness is a factor in the correct solution. By using the Laplace method described, the 
modeler should be able to more closely approximate what is actually occurring in this type 
of flow problem. 
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6.4 The Hydrofoil Model 
The NACA 4412 and 4415 hydrofoils were modeled in two dimensions using the 
CFD program Fluent. The models were created in three steps. First, the hydrofoil was 
created from a file of points. Second, the test section was modeled around the hydrofoil. 
Finally, a grid was created in the area around the hydrofoil that would be used determine 
the resultant flow. This method is described in detail in Appendix C. 
6.5 Initial Conditions 
Once all the grid models were created they were brought into Fluent for calculation. 
A conversion factor of 0.08333 or 1/12 was used for the model due to the fact that Fluent 
assumes all values for any model imported into it are in feet when working in British units. 
The 0.0833 conversion factor changes the dimension from feet to inches. The depth was 
then set to 1 foot. Since Fluent actually works in two dimensions, this allowed the results 
to be given in lift or drag per foot, the standard 2-D method. 
Next, the initial conditions for the experiment were set. These values were the 
density, viscosity, operating pressure and inlet velocity. The density was input as 
8.0712X102 lbm/ft3, which is the standard density of fresh water. The viscosity was set to 
1.1558X10'5 lbm/ft-s. The operating pressure was set to 17.4 psi due to the fact that the test 
section was under 4 feet of water. Finally, the inlet velocity was set to either 8.098 or 
9.8142 ft/s, the free stream velocities measured in the test section during actual testing. 
6.6 Fouled Models 
The creation of fouled models in Fluent presented several unique problems. 
Perhaps the greatest of these was the reasonable simulation of a dynamic and living 
organism in a computer. The variables that affect the algae such as temperature, salinity, 
and flow velocity can all be simulated with the computer. The difficulty came in effectively 
modeling the reaction of this living organism to these changes. 
43 
After careful consideration, it was determined that the best course of action was to 
model the algae as a porous media. A practical example of this is a filter cartridge. Fluid 
enters through one end, is forced through a porous media such as a cotton filter, and is 
expelled through the other side. The conditions inside the cotton or other mesh material can 
be controlled in Fluent by changing the permeability (effectively the density) of the material 
and the inertial factor (effectively the head loss) of the material. This example was used to 
train the operators of the program in the effects of a porous media before the actual 
experiment was modeled. 
On the actual models, this porous media was attached as a growth on the surface. 
Due to the limitations of the program, the material was held as a fixed shape. In the actual 
tests, the algae lifted and fell as the angle of attack changed. The thickness was also limited 
to the thickness of the cells in the grid. A cell could either be set as porous or free, so the 
thickness increment was large. 
It was determined during tests that the algae on the upper surface interfered with the 
flow at most positive angles of attack, but the algae on the bottom simply laid flat. The 
opposite was true for negative angles where the lower surface had the dominant effect. A 
combination of upper and lower surface fouling affects the angles near zero. This study 
concentrated on the effects at positive angles in order to match the normal operating 
conditions for a hydrofoil. This decision and its effect is discussed in greater detail in the 
conclusions section of this report. 
The permeability and inertial factors for the algae were determined through a variety 
of means. They included empirical calculations, crude experimentation, and result 
optimization. The results of this are not intended to pass as scientific data. They are 
simply estimates of an extremely dynamic phenomenon that frequently changed during the 
course of the experimentation. The actual measurement of these biological data was well 
beyond the scope of this investigation, and no such experimentation has been conducted by 
qualified individuals to date. 
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The permeability factor used for the experiment was 400. The inertial factor used 
was -30,000. These are similar but not exactly the same as the values for the cotton in the 
example scenario, since the algae behaves similar to cotton fibers under most conditions. 
7.0 FLUENT RESULTS 
7.1 Clean Data 
The unfouled or clean data were obtained for each hydrofoil at 8.098 and 9.814 ft/s 
freestream velocities. These are identical to the velocities calculated for the water tunnel test 
section at 250 and 300 rpm. The angle of attack was varied from -6 to 18 degrees in two 
degree increments. 
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Figure 27. Sample Data Showing an NACA 4412 Lift vs. AoA Plot at 8.098 ft/s. 
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Figure 27 shows sample data for the coefficient of lift curve. Figure 28 shows 
sample data for the coefficient of drag. Since Fluent can only calculate wall forces, no 
pitching moment data were obtained. Data above the stall angle of 14 degrees should be 
ignored since the matrix solution for separated flow has limitations in Fluent as in most 
CFD software. Appendix D shows the Fluent data tabulated and graphed. 
All of the Fluent data were calculated for two dimensional flow. The results are 
given in pounds of lift or drag per foot. These data were then used to calculate the 
coefficients of lift and drag at each angle of attack. Table 5 shows the comparisons 
between the Fluent data and the theoretical data used to analyze the experimental results. 
However, no corrections for wall boundary layers or three dimensional effect were 
necessary for these data. 
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Figure 28. Sample Data Showing a Drag vs. Angle of Attack Plot at 8.098 ft/s. 
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Once again, it is apparent from Table 5 that Fluent has difficulty with flow 
conditions at or near stall. The percent difference for the maximum coefficients of lift are 
rather large, but as is demonstrated with the slopes of the lift line, most of the data are very 
accurate. 
Table 5. Sample Data for Fluent Clean Results. 
Foil 
4412 
4412 
4415 
4415 
Speed 
(ft/s) 
8.098 
9.814 
8.098 
9.814 
RN 
437,000 
530,000 
437,000 
530,000 
Theor. 
CI 
1.122 
1.15 
1.122 
1.15 
Fluent 
*-*MAX 
1.28 
1.28 
1.30 
1.30 
% 
Diff. 
13.1 
10.7 
14.7 
12.2 
Theor. 
Slope 
0.09535 
0.09535 
0.09535 
0.09535 
Fluent 
Slope 
0.0942 
0.0942 
0.0946 
0.0942 
% 
Diff. 
1.2 
1.2 
0.79 
0.79 
7.2 Fouled Data 
Since the fouled Fluent models are approximations, the number of runs performed 
was limited to four. Two fouled cases from each hydrofoil were selected. One run at each 
speed and with a lightly and heavily fouled case were chosen for each model. The sample 
results are given and compared to the corresponding experimental results in Table 6. 
Table 6. Sample Data for Fluent Fouled Results 
Foil 
4412 
4412 
4415 
4415 
Speed 
(ft/s) 
8.098 
9.814 
8.098 
9.814 
% 
Fouled 
33.6 
68.2 
65 
14.6 
Exp. 
*-'MAX 
0.25 
0.23 
0.17 
0.32 
Fluent 
CI 
0.82 
0.86 
0.73 
0.76 
% 
Diff. 
106.5 
115.6 
62.2 
81.5 
Exp. 
C^Min 
0.098 
0.048 
0.104 
0.06 
Fluent 
^ " M i n 
0.097 
0.108 
0.124 
0.109 
% 
Diff. 
1.03 
76.9 
17.5 
58.0 
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Figure 29. Sample Data Showing a NACA 4412 with 33.6% Fouling. 
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Figure 30. Sample Data Showing the Drag Coefficients for a NACA 4412, 33.6% Fouled. 
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Table 6 shows that the data from the Fluent model are not representative of the 
actual fouled condition. The complexity of the problem goes beyond the capabilities of this 
software. This model works well primarily in laminar flow conditions, but does not give 
the correct answer when the flow becomes turbulent. 
8.0 CONCLUSIONS 
8.1 Experiment Conclusions 
In all the experiments, a great deal of the algae was stripped away by the force of 
the water. The algae that was left on was located mostly in the areas where the pressure 
gradient (8p/8x) was the lowest and the pressure differential, i.e. the lift, was highest; 
specifically, at or immediately behind the maximum thickness. If the pressure distribution 
is consistently disrupted here, it would account for the large, and relatively constant, 
change in zero-lift angle of attack seen on the NACA 4412. The additional thickness on the 
4415 made this effect less apparent because the steeper pressure gradient on the trailing 
portion of the foil causes other factors such as separated flow to occur. Additionally, as 
fouling increased in other areas, it would hinder the development of lift there as well. This 
would account for the drop in maximum lift as fouling increases. 
At very low angles, the fouling on the bottom surface played the dominant role in 
the negative lift results especially the negative stall. However, since most of the useable 
range is on the positive end of the lift curve, only the upper surface fouling is reported in 
the results as percent fouling. At these angles, the fouling on the lower surface lays flat 
and has virtually no measurable affect. 
When the hydrofoil is at or near its zero lift, both the upper and lower surfaces 
affect the performance. This is seen in the shifts in zero lift. Since the measurements were 
only taken in one direction, from negative to positive, it is difficult to compare these values 
to the positive stall. It is recommended that future studies be conducted with equal portions 
of artificial fouling on the upper and lower surfaces from zero to positive stall and then zero 
to negative stall in order to draw any conclusions about this. 
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Conversely, the increase in drag is merely a function of the degree of fouling. It 
seems to be independent of fouling location. Therefore, the more fouling, the more drag. 
The exception to this is its affect on the stall characteristics of the hydrofoil. The fouling 
creates an unsmooth surface and, consequently, a turbulent boundary layer that delays flow 
separation at high angles of attack. 
One additional problem associated with drag is the fouling that frequently trailed 
behind the hydrofoil. Large pieces often tore partially loose and stretched out behind the 
model. This produced large increases in drag, but was not accounted for in the percent 
fouling. It also frequently tore loose sometime during the test and was seen in the results 
as an unexplained drop in drag. 
Since the pitching moment about the quarter chord is a direct result of the lift, it can 
be expected that the changes in the two characteristics would parallel one another. It can be 
seen by a close examination of the results that this holds true for all cases. 
8.2 CFD Conclusions 
While Fluent is an excellent program for many fluid-dynamic applications, it has 
limitations when dealing with vortex flow. Any results derived from steady laminar flow 
conditions were excellent and extremely close to predicted theoretical values. However, 
complex, turbulent, or separated flows were not so easily analyzed. 
The matrix methods used had extreme difficulty converging on a solution, and 
frequently did not converge at all. It was observed that the solution was oscillating 
between a range of values but could not meet the convergence criterion. Relaxing the 
convergence criterion only increased the amount error associated with this type of 
approximation. This can be readily seen in the minimum drag values reported in Chapter 7 
which obviously varied greatly for very similar situations. 
Also, the two dimensional model was a great oversimplification of a very complex 
flow condition. Algae frequently became trapped in the tip vortex, reducing lift and greatly 
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increasing the drag. This would be difficult to model in three dimensions, and can not be 
modeled in two. At the writing of this report, work is in progress to attempt this three 
dimensional solution, but the results are not yet available. 
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APPENDIX A 
Experimental Results 
Table 7. NACA 4412; Clean at 8.098 ft/sec. 
1 AOA 
(deg) 
-6 
-4 
-2 
0 
2 
4.5 
5.75 
8 
10 
12 
14.25 
16 
18 | 20 
Lift 
(lbs) 
-4.437 
-2.158 
1.182 
3.808 
6.136 
8.791 
10.461 
12.361 
13.452 
15.485 
14.614 
13.419 
7.476 
-0.148 
CI 
-0.209 
-0.102 
0.056 
0.18 
0.289 
0.415 
0.493 
0.583 
0.635 
0.73 
0.689 
0.633 
0.353 
-0.007 
Drag 
(lbs) 
0.528 
0.261 
2.422 
3.327 
2.616 
2.631 
2.058 
2.641 
2.08 
5.962 
11.244 
18.425 
29.791 
52.262 
Cd 
0.025 
0.012 
0.114 
0.157 
0.123 
0.124 
0.097 
0.125 
0.098 
0.281 
0.53 
0.869 
1.405 
2.465 
Pitch 
(ft-lbs) 
-2.588 
-2.665 
-2.656 
-2.997 
-3.8 
-4.103 
-4.792 
-5.207 
-5.854 
-6.581 
-7.831 
-9.874 
-13.024 
-17.917 
Cm 1 
-0.122 
-0.126 
-0.125 
-0.141 
-0.179 
-0.194 
-0.226 
-0.246 
-0.276 
-0.31 
-0.369 
-0.466 
-0.614 
-0.845 1 
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Table 8. NACA 4412; Clean at 8.098 ft/sec. 
AOA 
-6 
-4 
-2 
0 
2 
4.1 
5.8 
8 
10 
12 
14 
16 
18 | 20 
Lift 
(lbs) 
-2.841 
-1.014 
1.354 
4.059 
6.952 
9.295 
11.202 
12.784 
14.305 
15.074 
14.79 
13.384 
8.521 
0.062 
CI 
-0.134 
-0.048 
0.064 
0.191 
0.328 
0.438 
0.528 
0.603 
0.675 
0.711 
0.698 
0.631 
0.402 
0.003 
Drag 
(lbs) 
1.543 
0.8 
1.757 
1.772 
1.248 
1.372 
1.72 
3.244 
5.851 
7.627 
12.596 
18.748 
30.823 
54.671 
Cd 
0.073 
0.038 
0.083 
0.084 
0.059 
0.065 
0.081 
0.153 
0.276 
0.36 
0.594 
0.884 
1.454 
2.579 
Pitch 
(ft-lbs) 
-4.522 
-5.148 
-4.821 
-5.162 
-5.85 
-5.76 
-5.631 
-5.872 
-6.056 
-6.869 
-8.026 
-10.249 
-13.458 
-18.177 
Cm 
-0.213 
-0.243 
-0.227 
-0.243 
-0.276 
-0.272 
-0.266 
-0.277 
-0.286 
-0.324 
-0.379 
-0.483 
-0.63-5 
-0.857 
Table 9. NACA 4412; Clean at 8.098 ft/sec. 
AOA 
-6 
-4 
-2 
0 
2 
4.3 
6.7 
8.2 
10 
12.2 
14.3 
18 
[ 20 
Lift 
(lbs) 
-3.602 
-1.724 
0.984 
3.919 
6.851 
8.777 
11.352 
12.977 
14.25 
15.095 
14.04 
8.378 
-0.907 
CI 
-0.17 
-0.081 
0.046 
0.185 
0.323 
0.414 
0.535 
0.612 
0.672 
0.712 
0.662 
0.395 
-0.043 
Drag 
(lbs) 
2.063 
1.248 
2.348 
2.51 
2.143 
1.551 
2.291 
3.081 
6.085 
8.028 
11.545 
29.456 
54.551 
Cd 
0.097 
0.059 
0.111 
0.118 
0.101 
0.073 
0.108 
0.145 
0.287 
0.379 
0.545 
1.389 
2.573 
Pitch 
(ft-lbs) 
-5.735 
-5.985 
-5.745 
-6.144 
-6.803 
-6.318 
-6.419 
-6.546 
-6.721 
-7.621 
-8.989 
-13.977 
-18.148 
Cm 
-0.271 
-0.282 
-0.271 
-0.29 
-0.321 
-0.298 
-0.303 
-0.309 
-0.317 
-0.359 
-0.424 
-0.659 
-0.856 
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Table 10. NACA 4412; 33.6 % Fouled at 8.098 ft/sec. 
j AOA 
-6 
-3.8 
-2 
0 
2.3 
4 
6 
8.1 
10 
12 
14 
16 
18 | 20.2 
Lift 
(lbs) 
-7.064 
-5.405 
-5.56 
-4.363 
-1.925 
-1.836 
-0.77 
2.244 
3.785 
5.301 
5.058 
4.607 
-0.601 
-9.709 
CI 
-0.333 
-0.255 
-0.262 
-0.206 
-0.091 
-0.087 
-0.036 
0.106 
0.179 
0.25 
0.239 
0.217 
-0.028 
-0.458 
Drag 
(lbs) 
3.306 
2.98 
2.237 
1.491 
2.826 
2.072 
-0.17 
5.54 
6.321 
5.915 
10.064 
19.565 
31.963 
58.681 
Cd 
0.156 
0.141 
0.106 
0.07 
0.133 
0.098 
-0.008 
0.261 
0.298 
0.279 
0.475 
0.923 
1.508 
2.768 
Pitch 
(ft-lbs) 
-0.027 
-0.185 
-0.036 
-0.118 
-0.267 
-0.163 
-0.711 
-0.573 
-1.301 
-3.183 
-4.57 
-7.023 
-9.568 
-15.042 
Cm 
-0.001 
-0.009 
-0.002 
-0.006 
-0.013 
-0.008 
-0.034 
-0.027 
-0.061 
-0.15 
-0.216 
-0.331 
-0.451 
-0.71 | 
Table 11. NACA 4412; 50.4% Fouled at 8.098 ft/sec. 
1 AOA 
-6 
-4 
-2 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
!
 19.9 
Lift 
(lbs) 
-5.96 
-6.807 
-6.707 
-5.451 
-3.838 
-3.18 
-1.709 
-0.813 
1.846 
5.212 
5.529 
3.374 
-0.981 
-8.684 
CI 
-0.281 
-0.321 
-0.316 
-0.257 
-0.181 
-0.15 
-0.081 
0 
0.087 
0.246 
0.261 
0.159 
-0.046 
-0.41 
Drag 
(lbs) 
6.201 
5.643 
7.387 
6.02 
5.321 
4.68 
5.428 
5.562 
7.017 
8.345 
12.159 
19.301 
31.594 
52.765 
Cd 
0.292 
0.266 
0.348 
0.284 
0.251 
0.221 
0.256 
0.262 
0.331 
0.394 
0.574 
0.91 
1.49 
2.489 
Pitch 
(ft-lbs) 
0.108 
0.089 
1.023 
1.085 
0.801 
0.838 
0.81 
0.896 
-0.213 
-3.972 
-5.416 
-6.831 
-9.376 
-13.462 
Cm 
0.005 
0.004 
0.048 
0.051 
0.038 
0.04 
0.038 
0.042 
-0.01 
-0.187 
-0.255 
-0.322 
-0.442 
-0.635 
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Table 12. NACA 4412; 73.2% Fouled at 8.098 ft/sec. 
AOA 
-6 
-4 
-2 
0 
2 
4 
6 
8 
10 
12 
13 
14.1 
15 
1 16 
Lift 
(lbs) 
-8.706 
-9.633 
-7.863 
-4.416 
-1.417 
-1.41 
-0.095 
0.84 
1.953 
2.524 
3.13 
2.515 
2.139 
0.644 
CI 
-0.411 
-0.454 
-0.371 
-0.208 
-0.067 
-0.066 
-0.004 
0.04 
0.092 
0.119 
0.148 
0.119 
0.101 
0.03 
Drag 
(lbs) 
7.986 
5.654 
6.263 
6.352 
7.673 
5.995 
5.572 
6.553 
6.826 
9.581 
12.407 
14.537 
17.692 
18.491 
Cd 
0.377 
0.267 
0.295 
0.3 
0.362 
0.283 
0.263 
0.309 
0.322 
0.452 
0.585 
0.686 
0.835 
0.872 
Pitch 
(ft-lbs) 
1.089 
1.532 
1.167 
0.422 
-0.036 
-0.201 
-0.46 
-0.865 
-1.137 
-1.632 
-2.18 
-3.137 
-3.932 
-5.07 
Cm 
0.051 
0.072 
0.055 
0.02 
-0.002 
-0.009 
-0.022 
-0.041 
-0.054 
-0.077 
-0.22 
-0.148 
-0.185 
-0.239 1 
Table 13. NACA 4412 Clean at 9.814 ft/sec. 
1 AOA 
(deg) 
-6 
-4 
-2 
0 
2 
4.3 
6 
8.2 
10 
12 
14 
16 
18 
! 20 
Lift 
(lbs) 
-5.58 
-3.446 
0.992 
4.17 
7.865 
11.228 
12.735 
15.085 
16.817 
17.705 
19.175 
18.184 
12.999 
5.828 
CL 
-0.179 
-0.111 
0.032 
0.134 
0.253 
0.361 
0.409 
0.484 
0.54 
0.569 
0.616 
0.584 
0.417 
0.187 
Drag 
(lbs) 
2.212 
1.249 
2.587 
2.371 
2.757 
2.874 
3.878 
3.043 
4.311 
6.74 
11.06 
17.511 
29.47 
51.977 
CD 
0.071 
0.04 
0.083 
0.076 
0.089 
0.092 
0.125 
0.098 
0.138 
0.216 
0.355 
0.562 
0.946 
1.669 
Pitch 
(ft-lbs) 
-7.785 
-7.977 
-7.997 
-7.934 
-8.708 
-8.079 
-7.747 
-8.48 
-9.059 
-9.468 
-11.317 
-13.511 
-16.865 
-21.814 
CM 1 
-0.25 
-0.256 
-0.257 
-0.255 
-0.28 
-0.259 
-0.249 
-0.272 
-0.291 
-0.304 
-0.363 
-0.434 
-0.542 
-0.701 | 
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Table 14. NACA 4412 Clean at 9.814 ft/sec. 
1 AOA 
(deg) 
-6 
-4 
-2 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18.2 
1 20 
Lift 
(lbs) 
-2.683 
-2.395 
0.735 
5.078 
7.734 
11.217 
13.244 
15.869 
17.087 
18.021 
18.684 
17.474 
11.412 
6.117 
CL 
-0.086 
-0.077 
0.024 
0.163 
0.248 
0.36 
0.425 
0.51 
0.549 
0.579 
0.6 
0.561 
0.366 
0.196 
Drag 
(lbs) 
3.85 
1.455 
2.437 
2.809 
2.074 
2.008 
2.769 
3.476 
3.266 
6.054 
10.259 
18.011 
31.394 
51.997 
CD 
0.124 
0.047 
0.078 
0.09 
0.067 
0.064 
0.089 
0.112 
0.105 
0.194 
0.329 
0.578 
1.008 
1.67 
Pitch 
(ft-lbs) 
-8.91 
-8.468 
-8.892 
-9.435 
-9.488 
-9.393 
-8.815 
-9.393 
-10.214 
-10.825 
-12.212 
-14.406 
-17.83 
-22.651 
CM 
-0.286 
-0.272 
-0.286 
-0.303 
-0.305 
-0.302 
-0.283 
-0.302 
-0.328 
-0.348 
-0.392 
-0.463 
-0.573 
-0.727 
Table 15. NACA 4412 Clean at 9.814 ft/sec. 
1 AOA 
(deg) 
-6 
-4 
-2 
0 
2.1 
4 
6 
8.2 
10 
12 
14 
16 
18 
20 
Lift 
(lbs) 
-4.945 
-2.717 
1.392 
4.981 
8.008 
10.638 
13.924 
15.495 
18.111 
19.888 
19.331 
18.029 
13.468 
4.619 
CL 
-0.159 
-0.087 
0.045 
0.16 
0.257 
0.342 
0.447 
0.498 
0.582 
0.639 
0.621 
0.579 
0.433 
0.148 
Drag 
(lbs) 
3.448 
1.678 
2.435 
2.15 
1.508 
1.866 
3.121 
2.054 
3.972 
6.41 
10.32 
17.902 
29.203 
52.152 
CD 
0.111 
0.054 
0.078 
0.069 
0.048 
0.06 
0.1 
0.066 
0.128 
0.206 
0.331 
0.575 
0.938 
1.675 
Pitch 
(ft-lbs) 
-9.056 
-9.219 
-9.122 
-9.463 
-10.069 
-9.653 
-9.538 
-9.866 
-10.589 
-11.662 
-12.472 
-14.753 
-17.846 
-22.565 
CM 
-0.291 
-0.296 
-0.293 
-0.304 
-0.323 
-0.31 
-0.306 
-0.317 
-0.34 
-0.374 
-0.401 
-0.474 
-0.573 
-0.725 
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Table 16. NACA 4412; 33.6% Fouled at 9.814 ft/sec. 
AOA 
(deg) 
-6 
-3.8 
-2 
0 
2 
4.3 
6 
8.8 
10 
12 
14 
16 
18 
20 
Lift 
(lbs) 
-7.365 
-7.998 
-6.903 
-6.081 
-5.109 
-2.366 
-1.244 
3.792 
7.033 
9.236 
9.484 
8.545 
3.931 
-4.131 
CL 
-0.237 
-0.257 
-0.222 
-0.195 
-0.164 
-0.076 
-0.04 
0.122 
0.226 
0.297 
0.305 
0.274 
0.126 
-0.133 
Drag 
(lbs) 
6.063 
3.992 
3.38 
2.289 
2.5 
2.789 
2.065 
2.686 
4.871 
8.298 
10.674 
19.968 
31.257 
54.266 
CD 
0.195 
0.128 
0.109 
0.073 
0.08 
0.09 
0.066 
0.086 
0.156 
0.266 
0.343 
0.641 
1.004 
1.743 
Pitch 
(ft-lbs) 
-1.529 
-1.454 
-0.96 
-0.781 
-0.17 
-0.696 
-0.538 
-2.982 
-5.025 
-5.925 
-7.139 
-9.304 
-13.523 
-18.935 
CM 
-0.049 
-0.047 
-0.031 
-0.025 
-0.005 
-0.022 
-0.017 
-0.096 
-0.161 
-0.19 
-0.229 
-0.299 
-0.434 
-0.608 
Table 17. NACA 4412; 54.1% Fouled at 9.814 ft/sec. 
AOA 
(deg) 
-6 
-4 
-2 
0 
2.1 
4 
6 
8.1 
10 
12 
14 
16.1 
18 
20 
Lift 
(lbs) 
-3.444 
-7.454 
-9.932 
-7.966 
-6.441 
-4.332 
-0.1 
3.532 
6.883 
8.627 
9.054 
6.927 
1.886 
-6.931 
CL 
-0.111 
-0.239 
-0.319 
-0.256 
-0.207 
-0.139 
-0.003 
0.113 
0.221 
0.277 
0.291 
0.222 
0.061 
-0.223 
Drag 
(lbs) 
6.218 
5.789 
4.668 
5.721 
5.27 
5.338 
5.476 
6.112 
9.26 
11.761 
15.688 
22.653 
33.845 
56.285 
CD 
0.2 
0.186 
0.15 
0.184 
0.169 
0.171 
0.176 
0.196 
0.297 
0.378 
0.504 
0.727 
1.087 
1.807 
Pitch 
(ft-lbs) 
-1.855 
-0.258 
-0.45 
-0.907 
-1.078 
-1.731 
-4.213 
-5.375 
-6.478 
-7.377 
-8.072 
-10.198 
-12.84 
-16.75 
CM 
-0.06 
-0.008 
-0.014 
-0.029 
-0.035 
-0.056 
-0.135 
-0.173 
-0.208 
-0.237 
-0.259 
-0.327 
-0.412 
-0.538 
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Table 18. NACA 4412; 68.2% Fouled at 9.814 ft/sec. 
AOA 
(deg) 
-6 
-4 
-2 
0 
2 
4.2 
6 
8.1 
10 
11 
12.2 
13 
14.1 
15 
16 
Lift 
(lbs) 
-8.112 
-8.538 
-7.054 
-5.45 
-2.41 
-2.051 
0.516 
2.677 
4.518 
4.114 
5.411 
5.984 
6.151 
5.426 
3.931 
CL 
-0.261 
-0.274 
-0.227 
-0.175 
-0.077 
-0.066 
0.017 
0.086 
0.145 
0.132 
0.174 
0.192 
0.198 
0.174 
0.126 
Drag 
(lbs) 
7.222 
6.695 
7.812 
6.81 
6.88 
4.969 
5.635 
5.481 
7.157 
7.761 
10.864 
11.532 
15.655 
18.593 
22.335 
CD 
0.232 
0.215 
0.251 
0.219 
0.221 
0.16 
0.181 
0.176 
0.23 
0.249 
0.349 
0.37 
0.503 
0.597 
0.717 
Pitch 
(ft-lbs) 
0.599 
0.551 
0.821 
0.508 
-0.122 
-0.354 
-0.952 
-1.737 
-2.437 
-2.441 
-3.106 
-4.143 
-4.87 
-5.694 
-6.599 
CM 
0.019 
0.018 
0.026 
0.016 
-0.004 
-0.011 
-0.031 
-0.056 
-0.078 
-0.078 
-0.1 
-0.133 
-0.156 
-0.183 
-0.212 
Table 19. NACA 4415; Clean at 8.098 ft/sec. 
AOA 
(deg) 
-6 
-4 
-2 
0 
2 
4 
6 
10 
12 
14 
16 
18 
20 
Lift 
(lbs) 
-0.729 
-0.651 
2.97 
4.934 
7.772 
9.098 
9.584 
12.453 
13.369 
13.289 
11.642 
6.794 
-2.314 
CL 
-0.034 
-0.031 
0.14 
0.233 
0.367 
0.429 
0.452 
0.587 
0.631 
0.627 
0.549 
0.32 
-0.109 
Drag 
(lbs) 
1.368 
0.642 
2.906 
1.841 
2.881 
2.407 
1.891 
2.497 
6.764 
10.402 
19.084 
' 29.033 
52.648 
CD 
0.065 
0.03 
0.137 
0.087 
0.136 
0.114 
0.089 
0.118 
0.319 
0.491 
0.9 
1.369 
2.483 
Pitch 
(ft-lbs) 
-5.11 
-5.101 
-5.034 
-5.519 
-5.889 
-6.112 
-6.401 
-7.511 
-7.861 
-9.163 
-10.981 
-14.421 
-18.621 
CM 
-0.241 
-0.241 
-0.237 
-0.26 
-0.278 
-0.288 
-0.302 
-0.354 
-0.371 
-0.432 
-0.518 
-0.68 
-0.878 
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Table 20. NACA 4415; Clean at 8.098 ft/sec. 
AOA 
-6 
-4 
-2 
0 
2 
4 
6.2 
8 
10 
12 
14 
16.2 
18 | 20 
Lift 
-0.727 
-0.146 
2.446 
4.599 
9.201 
10.21 
11.018 
12.771 
14.288 
15.116 
14.409 
11.734 
6.415 
-0.888 
CL 
-0.034 
-0.007 
0.115 
0.217 
0.434 
0.482 
0.52 
0.602 
0.674 
0.713 
0.68 
0.553 
0.303 
-0.042 
Drag 
1.91 
1.046 
2.286 
2.538 
2.811 
2.124 
2.561 
3.512 
4.642 
7.073 
10.989 
20.241 
29.833 
52.531 
CD 
0.09 
0.049 
0.108 
0.12 
0.133 
0.1 
0.121 
0.166 
0.219 
0.334 
0.518 
0.955 
1.407 
2.478 
Pitch 
-5.832 
-5.967 
-5.726 
-6.097 
-7.564 
-7.671 
-7.477 
-7.817 
-8.434 
-9.104 
-10.116 
-12.059 
-14.652 
-19.227 
CM 
-0.275 
-0.281 
-0.27 
-0.288 
-0.357 
-0.362 
-0.353 
-0.369 
-0.398 
-0.429 
-0.477 
-0.569 
-0.691 
-0.907 
Table 21. NACA 4415; Clean at 8.098 ft/sec. 
1 AOA 
(deg) 
-6 
-4 
-2 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
Lift 
(lbs) 
-0.836 
-0.102 
2.657 
5.41 
8.488 
9.478 
11.103 
12.318 
14.2 
14.863 
14.25 
11.612 
6.477 
-1.92 
CL 
-0.039 
-0.005 
0.125 
0.255 
0.4 
0.447 
0.524 
0.581 
0.67 
0.701 
0.672 
0.548 
0.306 
-0.091 
Drag 
(lbs) 
2.081 
1.282 
3.136 
3.155 
3.205 
1.774 
3.594 
2.723 
5.376 
6.653 
11.053 
19.594 
30.774 
53.364 
CD 
0.098 
0.06 
0.148 
0.149 
0.151 
0.084 
0.17 
0.128 
0.254 
0.314 
0.521 
0.924 
1.452 
2.517 
Pitch 
(ft-lbs) 
-6.555 
-6.631 
-6.563 
-7.02 
-7.478 
-7.873 
-7.729 
-8.336 
-8.666 
-9.536 
-10.52 
-11.761 
-14.767 
-18.995 
CM , 
-0.309 
-0.313 
-0.31 
-0.331 
-0.353 
-0.371 
-0.365 
-0.393 
-0.409 
-0.45 
-0.496 
-0.555 
-0.697 
-0.896 
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Table 22. NACA 4415; 15% Fouled at 8.098 ft/sec. 
1 AOA 
(deg) 
-6 
-4 
-1.8 
0 
2.2 
4 
6 
8.2 
10 
12 
14.2 
15 
16.2 
17 
1 18 
Lift 
(lbs) 
-3.86 
-0.724 
1.665 
1.88 
2.452 
2.079 
7.109 
8.517 
9.802 
10.698 
11.4 
9.36 
8.612 
5.307 
4.163 
CL 
-0.182 
-0.034 
0.079 
0.089 
0.116 
0.098 
0.335 
0.402 
0.462 
0.505 
0.538 
0.442 
0.406 
0.25 
0.196 
Drag 
(lbs) 
1.072 
0.743 
2.862 
2.514 
1.339 
-0.886 
3.41 
0.931 
5.324 
7.25 
10.132 
12.041 
18.479 
19.275 
28.823 
CD 
0.051 
0.035 
0.135 
0.119 
0.063 
-0.042 
0.161 
0.044 
0.251 
0.342 
0.478 
0.568 
0.872 
0.909 
1.36 
Pitch 
(ft-Ibs) 
-1.85 
-2.072 
-1.792 
-1.479 
-1.769 
-1.957 
-2.476 
-4.018 
-3.874 
-4.659 
-6.455 
-6.555 
-8.019 
-8.975 
-10.93 
CM 
-0.087 
-0.098 
-0.085 
-0.07 
-0.083 
-0.092 
-0.117 
-0.19 
-0.183 
-0.22 
-0.304 
-0.309 
-0.378 
-0.423 
-0.516 | 
Table 23. NACA 4415; 25% Fouled at 8.098 ft/sec. 
I AOA 
(deg) 
-6 
-4 
-2 
0 
2.2 
6 
8 
10 
12.2 
14 
16 
1 18 
Lift 
(lbs) 
-3.285 
-2.426 
-1.033 
-0.148 
1.012 
4.702 
4.893 
4.799 
6.359 
6.877 
5.186 
0.555 
CL 
-0.155 
-0.114 
-0.049 
-0.007 
0.048 
0.222 
0.231 
0.226 
0.3 
0.324 
0.245 
0.026 
Drag 
(lbs) 
1.495 
1.264 
3.503 
3.372 
2.743 
3.84 
3.369 
2.318 
5.86 
11.821 
18.392 
30.335 
CD 
0.071 
0.06 
0.165 
0.159 
0.129 
0.181 
0.159 
0.109 
0.276 
0.558 
0.868 
1.431 
Pitch 
(ft-Ibs) 
-4.073 
-3.977 
-3.447 
-3.5 
-3.212 
-4.007 
-4.007 
-4.539 
-5.151 
-6.249 
-8.009 
-10.843 
CM 
-0.192 
-0.188 
-0.163 
-0.165 
-0.152 
-0.189 
-0.189 
-0.214 
-0.243 
-0.295 
-0.378 
-0.511 
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Table 24. NACA 4415; 65% Fouled at 8.098 ft/sec. 
AOA 
(deg) 
-6 
-4 
-2 
0 
2.2 
4 
6 
8 
10 
12 
14 
16 
18 
Lift 
(lbs) 
-3.267 
-1.94 
0.161 
1.053 
0.785 
3.792 
2.266 
3.577 
3.68 
3.416 
3.44 
1.469 
-2.154 
CL 
-0.154 
-0.091 
0.008 
0.05 
0.037 
0.179 
0.107 
0.169 
0.174 
0.161 
0.162 
0.069 
-0.102 
Drag 
(lbs) 
2.194 
2.409 
4.059 
4.328 
2.835 
5.029 
4.306 
4.813 
5.845 
6.5 
11.806 
18.737 
31.446 
CD 
0.103 
0.114 
0.191 
0.204 
0.134 
0.237 
0.203 
0.227 
0.276 
0.307 
0.557 
0.884 
1.483 
Pitch 
(ft-lbs) 
-1.09 
-1.081 
-0.869 
-1.152 
-0.922 
-1.052 
-0.966 
-1.053 
-1.21 
-1.792 
-2.862 
-5.026 
-8.177 
CM 
-0.051 
-0.051 
-0.041 
-0.054 
-0.043 
-0.05 
-0.046 
-0.05 
-0.057 
-0.085 
-0.135 
-0.237 
-0.386 
Table 25. NACA 4415; Clean at 9.814 ft/sec. 
AOA 
(deg) 
-6 
-4 
-2 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18.2 
20.2 
Lift 
(lbs) 
-1.629 
-0.621 
3.403 
6.346 
9.851 
11.972 
13.451 
15.628 
16.924 
17.904 
18.882 
16.429 
10.929 
2.961 
CL 
-0.052 
-0.02 
0.109 
0.204 
0.316 
0.384 
0.432 
0.502 
0.543 
0.575 
0.606 
0.528 
0.351 
0.095 
Drag 
(lbs) 
3.366 
1.858 
3.29 
3.255 
2.575 
2.168 
1.978 
2.345 
3.932 
6.587 
10.256 
17.637 
30.573 
54.287 
CD 
0.108 
0.06 
0.106 
0.105 
0.083 
0.07 
0.064 
0.075 
0.126 
0.212 
0.329 
0.566 
0.982 
1.743 
Pitch 
(ft-lbs) 
-8.921 
-9.345 
-9.278 
-9.388 
-10.076 
-10.703 
-10.818 
-11.425 
-11.928 
-12.251 
-14.042 
-15.889 
-19.111 
-23.677 
CM 
-0.286 
-0.3 
-0.298 
-0.301 
-0.324 
-0.344 
-0.347 
-0.367 
-0.383 
-0.393 
-0.451 
-0.51 
-0.614 
-0.76 
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Table 26. NACA 4415; Clean at 9.814 ft/sec. 
AOA 
(deg) 
-6 
-4 
-2 
1 0 
2.2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
Lift 
(lbs) 
-2.412 
-0.639 
2.95 
6.22 
9.647 
12.023 
13.609 
14.79 
16.888 
18.572 
18.441 
15.93 
11.431 
3.16 
CL 
-0.077 
-0.021 
0.095 
0.2 
0.31 
0.386 
0.437 
0.475 
0.542 
0.596 
0.592 
0.512 
0.367 
0.101 
Drag 
(lbs) 
3.128 
1.8 
3.147 
3.394 
3.158 
2.23 
2.215 
3.193 
4.211 
6.402 
10.701 
17.91 
29.451 
51.947 
CD 
0.1 
0.058 
0.101 
0.109 
0.101 
0.072 
0.071 
0.103 
0.135 
0.206 
0.344 
0.575 
0.946 
1.668 
Pitch 
(ft-lbs) 
-10.22 
-10.557 
-10.057 
-10.6 
-11.064 
-11.829 
-12.03 
-12.003 
-12.621 
-13.52 
-14.446 
-15.975 
-18.982 
-23.355 
CM 
-0.328 
-0.339 
-0.323 
-0.34 
-0.355 
-0.38 
-0.386 
-0.385 
-0.405 
-0.434 
-0.464 
-0.513 
-0.61 
-0.75 
Table 27. NACA 4415; Clean at 9.814 ft/sec. 
AOA 
(deg) 
-6 
-4 
-2 
0 
2.2 
4.2 
6 
8 
10 
12 
14 
16 
18.2 
20 
Lift 
(lbs) 
-2.416 
-0.833 
3.2 
6.234 
9.651 
11.705 
12.868 
15.282 
16.32 
17.701 
18.099 
15.946 
11 
3.423 
CL 
-0.078 
-0.027 
0.103 
0.2 
0.31 
0.376 
0.413 
0.491 
0.524 
0.568 
0.581 
0.512 
0.353 
0.11 
Drag 
(lbs) 
2.949 
1.834 
3.476 
3.733 
3.416 
2.735 
2.578 
2.899 
4.698 
6.868 
10.801 
17.852 
31.248 
52.53 
CD 
0.095 
0.059 
0.112 
0.12 
0.11 
0.088 
0.083 
0.093 
0.151 
0.221 
0.347 
0.573 
1.003 
1.687 
Pitch 
(ft-lbs) 
-10.654 
-10.817 
-11.211 
-10.975 
-11.439 
-12.098 
-12.377 
-12.782 
-12.852 
-13.752 
-14.735 
-16.495 
-19.718 
-23.788 
CM 
-0.342 
-0.347 
-0.36 
-0.352 
-0.367 
-0.388 
-0.397 
-0.41 
-0.413 
-0.442 
-0.473 
-0.53 
-0.633 
-0.764 
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Table 28. NACA 4415; 10% Fouled at 9.814 ft/sec. 
1 AOA 
(deg) 
-6 
-4 
-2 
0 
2.2 
4 
6 
8 
10 
12.2 
14 
15 
16 
17.2 
1 18 
Lift 
(lbs) 
-6.254 
-3.993 
-1.791 
0.538 
1.801 
6.608 
8.962 
11.085 
13.459 
14.013 
14.928 
14.067 
12.886 
10.552 
10.328 
CL 
-0.201 
-0.128 
-0.058 
0.017 
0.058 
0.212 
0.288 
0.356 
0.432 
0.45 
0.479 
0.452 
0.414 
0.339 
0.332 
Drag 
(lbs) 
0.882 
0.852 
3.367 
3.49 
1.934 
3.827 
2.762 
3.09 
4.37 
6.819 
9.964 
12.395 
15.768 
21.66 
27.431 
CD 
0.028 
0.027 
0.108 
0.112 
0.062 
0.123 
0.089 
0.099 
0.14 
0.219 
0.32 
0.398 
0.506 
0.696 
0.881 
Pitch 
(ft-lbs) 
-5.661 
-5.623 
-3.591 
-3.846 
-3.992 
-4.267 
-6.171 
-7.067 
-7.743 
-8.327 
-9.974 
-10.654 
-11.358 
-13.112 
-15.606 
CM 
-0.182 
-0.181 
-0.115 
-0.124 
-0.128 
-0.137 
-0.198 
-0.227 
-0.249 
-0.267 
-0.32 
-0.342 
-0.365 
-0.421 
-0.501 
Table 29. NACA 4415; 14.6% Fouled at 9.814 ft/sec. 
[ AOA 
(deg) 
-6 
-4 
-2 
0 
2 
4 
6 
8.2 
10 
12 
14 
16 
1 18 
Lift 
(lbs) 
-3.382 
-3.383 
-0.748 
-0.735 
1.105 
4.999 
5.585 
7.524 
8.532 
9.379 
10.164 
8.495 
4.732 
CL 
-0.109 
-0.109 
-0.024 
-0.024 
0.035 
0.161 
0.179 
0.242 
0.274 
0.301 
0.326 
0.273 
0.152 
Drag 
(lbs) 
3.369 
3.587 
5.666 
5.365 
5.338 
6.593 
4.675 
3.69 
6.803 
8.746 
12.086 
20.233 
31.085 
CD 
0.108 
0.115 
0.182 
0.172 
0.171 
0.212 
0.15 
0.118 
0.218 
0.281 
0.388 
0.65 
0.998 
Pitch 
(ft-lbs) 
-3.813 
-3.601 
-3.621 
-2.981 
-3.235 
-3.574 
-3.717 
-4.306 
-4.365 
-5.092 
-7.259 
-9.598 
-13.788 
CM 
-0.122 
-0.116 
-0.116 
-0.096 
-0.104 
-0.115 
-0.119 
-0.138 
-0.14 
-0.164 
-0.233 
-0.308 
-0.443 
67 
Table 30. NACA 4415; 40% Fouled at 9.814 ft/sec. 
AOA 
(deg) 
-6 
-4 
-2 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
Lift 
(lbs) 
-1.563 
-0.831 
0.898 
1.653 
1.319 
2.368 
2.552 
4.515 
6.997 
7.477 
9.014 
6.257 
1.71 
CL 
-0.05 
-0.027 
0.029 
0.053 
0.042 
0.076 
0.082 
0.145 
0.225 
0.24 
0.289 
0.201 
0.055 
Drag 
(lbs) 
3.577 
3.25 
4.771 
4.947 
3.589 
3.172 
2.933 
3.154 
5.378 
6.874 
12.6 
20.13 
30.669 
CD 
0.115 
0.104 
0.153 
0.159 
0.115 
0.102 
0.094 
0.101 
0.173 
0.221 
0.405 
0.646 
0.985 
Pitch 
(ft-lbs) 
-1.898 
-2.033 
-1.619 
-1.354 
-1.494 
-1.717 
-1.975 
-2.467 
-2.797 
-4.072 
-5.806 
-8 
-12.161 
CM 
-0.061 
-0.065 
-0.052 
-0.043 
-0.048 
-0.055 
-0.063 
-0.079 
-0.09 
-0.131 
-0.186 
-0.257 
-0.391 
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Table 31. Fouling Patterns for NACA 4412 at 9.814 ft/s. 
NACA Foil 
4412 
| 4412 
4412 
4412 
4412 
Speed (ft/s) 
9.814 
9.814 
9.814 
9.814 
9.814 
Surface 
top 
bottom 
top 
bottom 
top 
% Fouling 
33.6 
35.1 
50.4 
45.2 
73.2 
Fouling | 
# 
9 
£ 
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Table 32. Fouling Patterns for NACA 4412 at 8.098 ft/s. 
NACA Foil j Speed (ft/s) I Surface % Fouling Fouling 
4412 8.098 top 33.6 
4412 8.098 bottom 25.8 
4412 8.098 top 54.1 
4412 8.098 bottom 37.7 
4412 8.098 top 68.2 
4412 8.098 bottom 66.2 
J1 
9. 
m 
Table 33. Fouling Patterns for NACA 4415. 
70 
NACA Foil 
4415 
4415 
Speed (ft/s) 
8.098 
9.814 
Surface 
top 
top 
% Fouling 
65 
14.6 
Fouling f 
| 
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Coefficient of Lift versus Angle of Attack 
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Figure 31. NACA 4412; Clean and Fouled; 9.814 ft/s. 
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Figure 32. NACA 4412; Clean and Fouled; 8.098 ft/s. 
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Coefficient of Drag versus Angle of Attack 
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Figure 33. NACA 4412; Clean and Fouled; 9.814 ft/s. 
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Coefficient of Drag versus Angle of Attack 
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Figure 34. NACA 4412; Clean and Fouled; 8.098 ft/s. 
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Coefficient of Pitching Moment versus Angle of Attack 
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Figure 35. NACA 4412; Clean and Fouled; 9.814 ft/s. 
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Figure 36. NACA 4412; Clean and Fouled; 8.098 ft/s. 
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Figure 37. NACA 4415; Clean and Fouled; 8.098 ft/s. 
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Coefficient of Pitching Moment versus Angle of Attack 
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APPENDIX B: 
Calculated Data & Sample Calculations 
1) Test Section Reynolds Number 
RN = (pvD)/u 
RN = (1.94*8.098*2)/1.7976e-5 
RN = 1.748e6 
2) Model Reynolds Number 
RN = (pvD)/u 
RN = (1.94*8.098*.5)/1.7976e-5 
RN = 4.37e5 
3) Tunnel Boundary Layer Thickness 
6 = (0.37x)/(RN)'5 
5 = (0.37x)/(1.748ee6)15 
8 = 0.8351 [in] 
4) Boundary Layer Displacement Thickness 
5* = 6/8 
8* = 0.8351/8 
5* = 0.1044 [in] 
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5) Effective Span 
b = b,-8* 
b = 8 0.1044 
b = 7.896 [in] 
6) Effective Planform Area 
S = 2bc 
S = 2*7.896*6 
S = 94.75 [in2] 
7) Effective Aspect Ratio 
AR = (2b)2/S 
AR = (2*7.896)2/94.75 
AR = 2.632 
8) Flat Plate Calculations 
A) qS = (l/2)pv2S 
qS = (1/2)*1.97*102*(7.07/12)2 
qS = 34.19 
B) a0 = a[(2+AR)/AR] 
a0 = 1.72[(2+1)/1] 
9) Percent Difference 
diff= |(a0air-a0waler)/a0air|*100% 
diff = | (6.283 5.16)/6.283 | * 100% 
diff= 18% 
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Table 34: Calculated Values 
Variable 
RN 
RN 
8 
8* 
b 
S 
AR 
8.098 [ft/s] 
1,748,000 
437,000 
0.8351 [in] 
0.1044 [in] 
7.896 [in] 
94.75 [inz] 
2.632 
9.8142 [ft/s] 
2,118,000 
530,000 
0.8037 [in] 
0.1005 [in] 
7.98 [in] 
94.80 [hr] 
2.633 
10) Normal Force 
N = -625(V-0.3114) 
N = -625[(0.27)-0.3114] 
N = 25.88 lbs 
11) Lift from Normal and Axial Force 
L = Ncos (a) + Asin (a) 
L = (25.88) cos (10) + (6.24) sin (10) 
L = 24.40 lbs 
12) Tare Correction to Lift 
T = 9E-7a6 - 5E-5a5 + 0.0008a4 - 0.0021a3 - 0.0495a2 + 0.3015a - 0.8627 
T = 9E-7(10)6 - 5E-5(10)5 + 0.0008(10)4 - 0.0021(10)3 - 0.0495(10)2 + 0.3015(10) -
0.8627 
T = -0.9977 
APPENDIX C 
Description of the CFD Modeling Process 
The first step in the creation of the hydrofoil models was to create point files 
defining the hydrofoils. A Lab VIEW program was written to do this that could create any 
NACA symmetric, four-, or five-digit hydrofoil by simply specifying its number. The 
point files were then imported into the Fluent sub-program pre-BFC or pre-Body Face 
Coordinates. The points were joined into a set of sub-curves along the surface of the 
hydrofoil and then those were joined to create one closed curve defining the hydrofoil in 
two dimensions. An extra point was also placed on the chord line at the quarter chord to 
act as the pivot point when setting the angle of attack. 
Next, the test section was modeled around each hydrofoil. This was modeled to the 
exact dimensions as the test section of the water tunnel. The front of the test section was 
defined as and labeled "inlet". The top and bottom were defined as walls labeled "ceiling" 
and "floor", respectively. The rear of the test section was split in half with the upper and 
lower portions defined as "outlet 1" and "outlet 2". 
A pair of cyclic boundaries were then defined. The first ran from the beginning of 
the closed curve defining the hydrofoil to the bottom of "outlet 1". The second from the end 
of the curve to the top of "outlet 2". These two boundaries define the beginning and end of 
the grid field. The area directly behind the hydrofoil was chosen as the place were any 
anomalies caused by this boundary would have the least effect. 
The foil was then rotated through the same range of angles of attack that were used 
for the experiment. The grid at each angle must be calculated differently, so as a result, 
each angle had to be saved as a separate model-geometry file. Later, each model was also 
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run and analyzed separately and the results combined in a spread sheet to create lift and 
drag curves as a function of angle of attack. 
Finally, a 51-by-25-node grid was created around each hydrofoil model. The grid 
begins at the cyclic boundary and wraps around the hydrofoil counter-clockwise until it 
meets itself again at the trailing edge. Fifty one nodes lie on the curve defining the 
hydrofoil and then extend out radially into 24 more rows of 51. The Laplacean method 
described in the previous section is then used to smooth these lines into a grid that parallels 
the stream lines for the hydrofoil (See Figure 26). 
Fluent views this grid in imaginary space as a matrix of 51 columns and 25 rows. 
The grid points correspond to the matrix with each cell of the matrix having its own (i,j) 
coordinates from (1,1) to (51,25). Each cell of this matrix contains the stream function 
evaluated at that point in the flow field. Using a Navier-Stokes method on the matrix, 
Fluent can solve the stream function at every point in field. 
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APPENDIX D 
CFD Results 
Table 35. NACA 4412 Clean at 8.098 ft/s. 
AOA 
(deg) 
-6 
-4 
-2 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
Lift 
(lb/ft) 
-5.895 
-0.5162 
5.396 
11.58 
17.8 
23.78 
29.26 
34 
37.6 
39.79 
40.72 
40.29 
41.21 
CI 
-0.18537736 
-0.0162327 
0.16968553 
0.36415094 
0.55974843 
0.74779874 
0.92012579 
1.06918239 
1.18238994 
1.25125786 
1.28050314 
1.26698113 
1.29591195 
Drag 
(lb/ft) 
2.945 
2.326 
1.93 
1.47 
1.927 
2.3343 
3.002 
3.898 
4.952 
6.107 
7.299 
8.426 
10.2 
Cd 
0.09261006 
0.07314465 
0.06069182 
0.0462264-2 
0.06059748 
0.07340566 
0.09440252 
0.12257862 
0.15572327 
0.19204403 
0.2295283 
0.26496855 
0.32075472 
Table 36. NACA 4412 Clean at 9.814 ft/s. 
AOA 
(deg) 
-6 
-4 
-2 
0 
2 
4 
6 
8 
10 
12 
1 14 
16 
18 
Lift 
(lb/ft) 
-8.617 
-0.7536 
7.925 
17.01 
26.13 
34.91 
42.97 
49.95 
55.28 
58.55 
60 
59.33 
60.76 
CI 
-0.1844787 
-0.01613359 
0.16966388 
0.36416185 
0.55940912 
0.74737744 
0.91993149 
1.06936416 
1.18347249 
1.25347891 
1.28452152 
1.27017769 
1.30079212 
Drag 
(lb/ft) 
4.345 
3.434 
2.85 
2.659 
2.85 
3.447 
4.443 
5.749 
7.3085 
9.012 
10.7786 
12.429 
15.0529 
Cd 
0.09302077 
0.07351745 
0.06101477 
0.05692571 
0.06101477 
0.07379576 
0.09511882 
0.12307857 
0.15646542 
0.19293513 
0.23075573 
0.26608863 
0.3222629 
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Table 37. NACA 4412; 33.6% Fouled at 8.098 ft/s. 
AOA 
(deg) 
-4 
0 
4 
8 
12 
1 16 
Lift 
(lbs/ft) 
-11.49 
-3.486 
3.687 
11.33 
21.55 
30.86 
CI 
-0.36132 
-0.10962 
0.115943 
0.356289 
0.677673 
0.97044 
Drag 
(lbs/ft) 
3.782 
3.103 
3.094 
3.757 
5.592 
8.35 
Cd 
0.118931 
0.097579 
0.097296 
0.118145 
0.175849 
0.262579 
Table 38. NACA 4412; 68.2 % Fouled at 9.814 ft/s. 
| AOA 
(deg) 
-4 
0 
4 
8 
12 
1 16 
Lift 
(lbs/ft) 
-2.848 
4.319 
14.21 
25.27 
35.63 
45.02 
CI 
-0.06097 
0.092464 
0.304218 
0.540998 
0.762792 
0.963819 
Drag 
(lbs/ft) 
5.63 
5.064 
5.918 
7.908 
10.88 
14.92 
Cd 
0.120531 
0.108414 
0.126697 
0.1693 
0.232927 
0.319418 
Table 39. NACA 4415 Clean at 8.098 ft/s. 
1 AOA 
(deg) 
-6 
-4 
-2 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 | 20 
Lift 
(lb/ft) 
-5.663 
-0.3468 
5.472 
11.55 
17.64 
23.52 
28.96 
33.69 
37.43 
40.09 
41.43 
41.66 
42.12 
42.86 
CI 
-0.1780818 
-0.0109057 
0.17207547 
0.36320755 
0.55471698 
0.73962264 
0.91069182 
1.05943396 
1.17704403 
1.26069182 
1.30283019 
1.31006289 
1.3245283 
1.34779874 
Drag 
(lb/ft) 
3.2149 
2.6479 
2.3011 
2.201 
2.3472 
2.7469 
3.3799 
4.2248 
5.2286 
6.3019 
7.4539 
8.5598 
9.9754 
11.7711 
Cd 
0.10109748 
0.0832673 
0.07236164 
0.06921384 
0.07381132 
0.0863805 
0.10628616 
0.13285535 
0.16442138 
0.19817296 
0.23439937 
0.2691761 
0.31369182 
0.37016038 
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Table 40. NACA 4415 Clean at 9.814 ft/s. 
AOA 
(deg) 
-6 
-4 
-2 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
Lift 
(lb/ft) 
-8.27 
-0.5062 
8.038 
16.96 
25.89 
34.51 
42.52 
49.5 
55.02 
58.95 
60.96 
61.38 
62.07 
63.25 
CI 
-0.1770499 
-0.0108371 
0.17208307 
0.36309142 
0.55427103 
0.73881396 
0.91029758 
1.05973025 
1.17790623 
1.26204239 
1.30507386 
1.31406551 
1.32883751 
1.35409976 
Drag 
(lb/ft) 
4.7463 
3.9127 
3.403 
3.2574 
3.4732 
4.0591 
4.991 
6.2359 
7.7173 
9.3053 
10.9988 
12.6547 
14.7369 
17.3963 
Cd 
0.10161207 
0.08376579 
0.07285378 
0.06973667 
0.07435667 
0.08690002 
0.10685078 
0.13350246 
0.1652173 
0.1992143 
0.23546992 
0.27092057 
0.31549775 
0.37243203 
Table 41. NACA 4415; 65% Fouled at 8.098 ft/s. 
AOA 
(deg) 
-4 
0 
4 
8 
12 
16 
Lift 
(lb/ft) 
-6.066 
2.226 
8.445 
14.24 
20.63 
26.6 
CI 
-0.19075 
0.07 
0.265566 
0.447799 
0.648742 
0.836478 
Drag 
(lb/ft) 
3.955 
3.998 
4.51 
5.665 
7.577 
10.22 
Cd 
0.124371 
0.125723 
0.141824 
0.178145 
0.23827 
0.321384 
Table 42. NACA 4415; 14.6% Fouled at 9.814 ft/s. 
AOA 
(deg) 
-4 
0 
4 
8 
12 
16 
Lift 
(lb/ft) 
-22.42 
-10.66 
0.7048 
11.28 
23.86 
37.95 
CI 
-0.47998 
-0.22822 
0.015089 
0.24149 
0.510811 
0.81246 
Drag 
(lb/ft) 
6.34 
5.237 
5.074 
5.698 
7.585 
11.06 
Cd 
0.135731 
0.112117 
0.108628 
0.121987 
0.162385 
0.23678 
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Figure 44. NACA 4412; Clean; 8.098 ft/s. 
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Figure 45. NACA 4412; Clean; 9.814 ft/s. 
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Figure 46. NACA 4412; Clean; 8.098 ft/s. 
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Figure 47. NACA 4412; Clean; 9.814 ft/s. 
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Figure 48. NACA 4412; 33.6% Fouled; 8.098 ft/s. 
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Figure 49. NACA 4412; 68.2% Fouled; 9.814 ft/s. 
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Figure 51. NACA 4412; 68.2% Fouled; 9.814 ft/s. 
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Figure 53. NACA 4415; Clean; 9.814 ft/s. 
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Figure 54. NACA 4415; Clean; 8.098 ft/s. 
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Figure 56. NACA 4415; 50.8% Fouled; 8.098 ft/s. 
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Figure 57. NACA 4415; 14.6% Fouled; 9.814 ft/s. 
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Figure 58. NACA 4415; 50.8% Fouled; 8.098 ft/s. 
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Figure 59. NACA 4415; 14.6% Fouled; 9.814 ft/s. 
